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SURFACE ON THE COASTAL AREA OF THE GULF OF FINLAND 
Jouko Launiainen 
Institute of Marine Research, P.O.Box 166, SF-00141 Helsinki 14 
ABSTRACT 
Extensive micrometeorological and oceanographic observations have been 
made by an automatic sea mast at the coastal area near Loviisa nuclear 
power plant, on the Gulf of Finland, in order to study air-sea interaction 
and heat balance of the water column. Turbulent flux-profile relationships 
and problems connected with profile studies of the wind speed, humidity 
and temperature are discussed. An indirect method is presented to calculate 
the Monin-Obukhov parameter and turbulent fluxes under stratified con-
ditions, without an iteration procedure, using a bulk-Richardson number. 
The concept of a net heat exchange coefficient is considered on the basis 
of the Monin-Obukhov similarity theory, and a form for the stability 
dependent coefficient is introduced. 
Wind profile studies gave 10C= 1.2 to 1.3 with average scattering 
about 20 percent for the neutral drag coefficient. The results slightly tend 
to indicate an increase of the drag coefficient with wind speed, but this may 
have been caused by, e.g., the simultaneous diminishing of the stability 
error, when a logarithmic profile is applied to the near-neutral data. Humid-
ity profiles yielded an average Dalton number, which was practically the 
same as the drag coefficient. Both determinations were found to be suscep-
tible to several potential error sources. Stability effects on turbulent bulk 
transfer coefficients and fluxes were studied by applying universal functions. 
The so-called Webb-form for the stable region, and in particular the Busin-
ger-Dyer form for the unstable region, were found to describe the tur-
bulent profiles so that they lit  rather well with the constant flux layer 
similarity theory. 
On the basis of examples of air-sea interaction, the coastal situation of the 
research area was found to create special characteristics, such as modifying 
the diurnal course of air-sea interaction quantities and causing directional 
variations. 
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1. INTRODUCTION 
Since 1972 the Institute of Marine Research has made extensive micrometeorological 
and oceanographic observations in the Loviisa area, on the coast of the Gulf of Finland 
(Fig. 1), in order to study physical and heat exchange properties in the coastal areas. 
The first nuclear power plant in Finland was being built in this area, and its first 
unit has been in use since the spring of 1977. Extensive observations have been made 
to collect enough data to cover all seasons of the year as comprehensively as possible. 
The project will also be continued for some time during the operation of the power 
plant. Thus, the most important goals of this project are: 
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— to gain further insight into the character of the heat exchange mechanisms 
and processes so that the heat balance of the recipient can be calculated for 
different weather conditions and for the system when loaded with an excess 
of heat; 
— to study the air-sea interaction and thermophysical statistics of the water 
column and the recipient in their natural conditions, i.e. the natural variations 
in temperature, their frequency, magnitude and intensity in shallow bay areas; 
— to make observations and to follow conditions during the operation of the 
power plant; 
to obtain data supporting other studies in the area. 
The purpose of this study is to present observations and experiences, and hence 
to discuss essential theoretical and practical viewpoints and results connected with 
the energy exchange problem and the physical monitoring of the area. Some illus-
trative examples of the local air-sea interaction statistics will be presented as well. 
An attempt has been made to consider energy exchange processes in order to under-
stand and determine the local turbulent fluxes and air-sea interaction under varying 
meteorological conditions. Special attention has been paid to the atmospheric surface 
layer stability, the effects of which on the turbulent fluxes and air-sea interaction 
become pronounced at artificially heated areas. (The theory of the turbulent flux-
profile relationships is discussed in the Appendix). Parts of this mast project have 
previously been introduced in preliminary reports (Launiainen 1975, 1976, 1977) 
and in a paper by Launiainen and Mälkki (1979). 
1.1. Heat budget of a \\ ater column 
The heat balance of a water column per surface unit area can be described by a simplified 
conventional heat balance equation as a sum of the fluxes of the processes which increase or 
decrease the heat storage of a water column: 
Qn = QS + QB + QE + QC +9A + QO 	 (1) 
where 
0 
D 
_ — 	 pw c Iv T(z, t) d z 	= change in the heat starage per unit time 
At - 
QS = net solar short-wave radiation (direct and diffuse minus reflected) 
Q B = effective long-wave radiation 
Q E = latent heat flux, connected with evaporation or condensation (= —CE in the Appendix) 
Qc = sensible heat flux (= — H in the Appendix) 
Q A = advective heat flux (advection by currents, cooling water current, etc.) 
Q0 = heat flux due to other factors (kinetic energy dissipation, heat flux of chemical, biological 
and radioactive processes, rain, heat flux through the bottom, etc.) 
The quantities Q E , QC , Q, , Qo and Q,, may be either positive or negative, where positive implies 
increasing the enthalpy of the water column. 
The radiation balance, QS+Q1, may be measured by a radiation balance meter. In the ab-
sence of a radiation balance meter, short-wave components are often measured by solarimeters 
and the effective long-wave radiation is calculated, as has been done in these investigations up 
to the data of 1976. Besides depending on the temperature and material of the radiating surface, 
effective long-wave radiation depends also on the properties of the air-layer above, mainly on 
its water vapour content, cloudiness and the type of clouds (cf. chapter 7). 
The sensible heat flux, Qo , and the flux of water vapour (or latent heat flux QE) are physical 
processes characterized and controlled on the one hand by molecular transfer effects at the phase 
interface which tend towards a dynamical equilibrium, and by an external current field which 
creates a turbulent flux, on the other hand. In any attempt to determine short-period heat 
exchange processes and the heat balance, the flux of water vapour and the sensible heat flux 
should be determined by means of the local turbulence efficiency, in terms of a turbulent ver-
tical flux between the surface and the air. Turbulent vertical fluxes are adjusted according to 
stability conditions and may be determined experimentally by making eddy dissipation measure-
ments, or profile measurements, as has been done in this research. The evaporation and the flux 
of sensible heat can also be determined with so-called Dalton-type formulae given in the literature, 
but their bulk coefficients have often been determined for certain observation points using local, 
long-period averages. Therefore, such results describe merely the local (and average) conditions 
of processes for a certain region only, and do not provide a basis for the considerations involved 
in changing flux processes due to fluctuating weather and air-sea surface conditions in other 
localities. 
In short-period studies, as well as in long-period studies of closed systems, the heat fluxes 
Q A and Qo are usually less significant than the other factors. In special cases the effects of advec-
tion may be estimated from wind, current, water level, and water temperature observations. 
The concept of a "net heat exchange coefficient" is often encountered in models and in technical 
literature, e.g., on cooling water problems. It is defined as the partial derivative of the heat balance 
equation (1) with respect to the surface temperature O s , 
a Qn K fl 	 ( 2)  
s 
and is a function of the mechanisms and conditions controlling the net heat exchange process. 
Thus, if it is possible to determine the net heat exchange coefficient under different conditions, 
the results can be used to investigate the air-sea heat exchange under conditions of excess heat 
(Q4). This, however, does not lead to a cumulative storage of heat in the water column, but leads 
to a new dynamical equilibrium through an enhancement of the heat exchange processes, which 
depend on the air-sea surface temperature difference (i.e. stability). Therefore, one of the primary 
goals of this study is to discuss how to determine the turbulent flux quantities (by the so-called 
bulk-method) and to consider the concept of not heat exchange coefficient. 
1.2. Bulk parametrized formulae of turbulent fluxes 
In a horizontally homogeneous quasi-stationary turbulent boundary layer, turbulent fluxes of 
the sensible heat, water vapour and momentum (the tangential shearing stress r) can be con-
sidered quantities of analogous mechanisms. The turbulent fluxes may be determined by meas-
uring the vertical profiles of the mean temperature, humidity, and horizontal wind speed and 
then by calculating the fluxes on the basis of the so-called similarity theory. A detailed discussion 
is presented in the Appendix. 
Profile investigations are made to enable the determination of the bulk transfer coefficients 
Co, (drag coefficient), CH. (Stanton number) and CE, (Dalton number) and the calculation of the 
mean fluxes, expressed by the following equations: 
rnomentum 	 T = p CDZ U Z 2 
sensible heat Q C = —H = — p cp CHZ (©s — 9Z ) uZ 
(3) 
(cgtlatiotis 
(4) A40 -  
A42 of Ilie 
Appendix) 
latent heat 	QE _ — £E _ — C p CEZ ( qs — qZ ) uZ 	 (5)  
L is the density of air, cp is the specific heat under constant pressure, and Y. is the enthalpy of 
vaporization. O5 — 6, and g8 —q3 are the differences in potential temperature and in specific humid-
ity, respectively, between the surface and the atmosphere, and uz is the mean wind speed. 
Profile measurements are mostly used to determine the coefficients for neutral conditions only, 
and the universal functions are applied to include the effect of stratification. 
The results and experiences reported in the literature show that in order to obtain reliable 
results it is necessary to set high quality requirements on profile measurements, because of the 
small vertical gradients to be measured and the various sources of error. The wind profile is the 
easiest profile to measure, which explains the abundance of data in this field. On the other hand, 
the similarity between the flux of momentum and other flux mechanisms (transfer coefficients) 
may further be used to estimate the sensible heat and the flux of water vapour (see the Appendix). 
In Finland, profile measurements were begun by Franssila (1936, 1940) and Rossi (1033). 
Since then, several profile measurements to determine turbulent fluxes have been made or are 
still being made: in Jokioinen, above ground (Kulmala 1970), on Lake Pääjärvi in Lammi in 
connection with IHD-experiments (Huovila 1970, 1971 and Elomaa 1976, 1977), and at a high 
ground mast close to the nuclear power station in Loviisa (e.g. Tammelin 1978). Palosuo (1970) 
measured wind profiles on the ice of the Bothnian Bay in 1970. 
1.3. Research area 
The research area consists of the Hästholmsfjärden-Klobbfjärden semienclosed sea 
embayment (60°22'N, 26°22'E), which is separated in the south by shallow sills from 
the open sea of the Gulf of Finland. In the north-east the bay area is connected by 
narrow straits to the delta of the River Kymijoki. A map of the research area (Fig. 
1) is constructed from the basic and nautical maps of Finland, together with in-
formation obtained from bathymetric soundings made by several authorities. The 
most important geometrical and hydrological quantities are thus reckoned to be 
(cf. also 'Bagge and Voipio 1967) the following: 
area 	 15.0 km2  
volume 0.10 km3  
mean depth 	 6.8 m 
drainage area 1 26.2 1c m2  
mean annual fresh water inflow i 	 7.2 X 10-3 km3  
The area is shown as a function of depth in the hypsograph of Fig. 2. 
There has been active research in the area since the mid-1960's with emphasis on 
hydrographical, chemical and biological investigations. Bagge and Voipio (1967) 
investigated the hydrography and water exchange of the area, as well as the chemical 
and biological properties of the water and the bottom. hus (1976) and Niemi (1977), 
amongst others, have continued the monitoring of hydrographical, chemical and 
biological conditions. El Mahgary (1970) has made water exchange calculations along 
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Fig. 1. Bathymetric map and the main topographic features of the research area in the Loviisa 
archipelago. 
10 
the same lines as Bagge and Voipio (1967). He also made some estimates of the spread-
ing of the cooling waters of the Loviisa power plant (1968, 1969). An extensive current 
measurement programme was carried out in 1971 in order to investigate the currents 
and mixing processes taking place in the area (Korhonen 1975). In addition, several 
chemical, ecological, and thermophysical studies have been made or sponsored by the 
owner of the power plant (Imatran Voima Power Company). 
areal 
5 	 10 	 15 'km 
4 
8 
( Hästholmsfjärden Z - 6.8 m 
/• 	+ Klobbfjarden 
12 
------ 	Hästholmsjarden 7 = 7 6 m 
16 Fig. 2. Hypsograph of the Häst - 
ho1msfjärden-Klobbfjbrdon trea. 
On the basis of this study and the earlier projects, the most essential local charac-
teristics affecting the general hych•ophysical processes and especially the heat balance 
and air-sea interaction of the Hästholmsfjäirden bay area, may be summarized as 
follows: 
The water exchange between the bay area an.d the surrounding sea is regulated 
by narrow and shallow sills (see Fig. 1), and hence: 
the shallow sills, together with the fresh water supply, keep the surface layer 
of the bay less saline than that of the open sea; 
the shallow sills, together with the low surface salinity, diminish vertical and 
horizontal mixing and enhance, particularly in the early summer, the formation 
of a halocline and a thermocline; 
— the shallow sills isolate the bay system effectively from large-scale currents 
and mixing processes occurring in the surrounding sea area. Thus, the existing 
currents are slow, except for the strait areas (Korhonen 1975), and the water 
exchange happens mainly due to variations in sea level. Local winds are the 
principal factors regulating the currents in the central area of the bay (Fig. 7); 
— the shallow sills allow the bay system to act largely as an isolated unit, e.g., 
the warming and cooling of the water column takes place more rapidly than 
in open sea areas, due to the smaller heat capacity, i.e. "time constant" (e.g. 
Launiainen 1975). 
In addition, the physical water surface — atmosphere interaction, as well as 
local meteorological phenomena, depend on the location of the area on the mainland 
coast. The consequences include the existence of sea and land breezes, variations of 
some air-sea interaction parameters according to the wind direction and the possible 
horizontal inhomogeneity of the turbulent boundary layer caused by the land-sea 
discontinuity zone or, on the other hand, by the altitude ratios of the surrounding 
countryside (cf. the high hill area south-east of the bay in Fig. 1). 
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Fig. 3. Automatic observation 
mast as viewed from the 
south. 
2. OBSERVATION ACTIVITIES 
2.1. Data collection 
An automatic observation mast (Fig. 3) was erected in 1972 in the central region of 
Hästholmsfjärden (60°22'28"N, 26°22'15°E), to collect oceanographic and micro-
meteorological data. The height of the tower above water level is about 10 m, and 
the tower reaches down to a rock-covered bottom about 8-10 m below the mean 
sea level. The electrical power to the mast equipment is provided by a cable from 
the island of Hästholmen. In the case of power failures, accumulators keep the Knast 
in operation for some 12 hours. The measuring equipment (two similar data loggers), 
most of it delivered by Plessey Company Limited (Ilford, Essex, England), registers 
the results of 20-30 sensors on magnetic tape every quarter of an hour. The results 
comprise the observed quantities listed in Table 1. 
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Table 1. Quantities observed by the automatic sea mast of Loviisa. 
Observed quantlty Principle of measurement Resolution (accuracy) of Notes 
a single measurement 
— 	nie temperature, profuo PI—resistor 0.07 	oc artificial ventilation since June 1976 
(4—lonots) accuracy in long—period measurements 
about 0.1 oC 
— 	humidity, profile Pt—resistor, dry— and oC 0.04 
(4—levels) wet bulb temperer ure 
— wind speed, profile cup—contact anemometer 0.05 ms-1  integration over registration interval 
(4—levels) 
— wind direction (10 m) wind wane t 5e lnsIuoloneoes measurement every 
fifteen minutes 
— 	short wave solar radiation; 
direct and diffuse radiation 
downward on the surface solarlmeter 2 ... S'7 
integration over registration interval 
— short wave radlatlon from 
iho surface upward — 11 — — I 1 — — ti — 
— 	radiation balance lhermoclement — 11 — Integration over registration interval, 
installed in 1975 
— 	short wave radiation penetrating solerimeter — II — integration over registration ini erval, 
through the water surface used occasionally 
— 	water level pressure gauge + 1 cm installed in 1914 
— water temperature, profile PI—reststor 0.03 oC accuracy in routine avvek about 0.1°C 
(4—levels) 
— 	current speed and direction a separate current meter used occasionally 
— 	conductivity carbon electrode cell — u — 
— 	suspended solids nepheUomctcc — I 1 — 
The equipment includes a 6—channel recorder where all the channels can be chosen by pin conned 
The results of measurements, part of which is integrated over registration intervals, 
15 minutes, are stored on magnetic tape cassettes as digital units (0-999). Amagnetic 
cassette has space for about a month's registrations, after which the tapes are con-
verted into punch tapes and the data processed by computer. 
The design and the purchase of the equipment were made by a group of experts 
from the Institute of Marine Research, the Finnish Meteorological Institute, Imatran 
Voima Power Company and Oy Strömberg Ab (See p. 103). 
2.2. Operation 
The intention has been to keep the observation mast in continuous operation through-
out the year. Nevertheless, the registration devices have been transferred ashore 
during the spring periods when the ice is breaking up and melting, to avoid damage, 
such as collision of wind driven ice floes with the tower, as happened three times 
during the period 1973-1979, with severe mechanical damage. (To construct equip-
ment both light and absolutely ice-proof is extremely difficult.) 
In spite of many difficulties encountered due to weather conditions and instru-
mental factors, our experience has been applied to develop and improve the operations. 
On the other hand, some measurements, devices of which were discovered to be either 
unsuitable or needing an unreasonable amount of service which cannot be maintained 
in situ, have been left out. The routine service of the observation mast has been per-
formed under a service contract by Imatran Voima Power Company. 
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If we look at some general results obtained during this research project, the essential 
features and operating conditions for successful automatic stations can be summarized 
as follows. (These points should obviously also be taken into account when planning 
new projects involving automatic observation stations.) 
— The equipment must withstand the intense mechanical strains and temperature 
variations encountered in these northern latitudes. For instance, in winter the 
cold weather has caused the water sample pumps to freeze at the sea mast, 
and in the summer the overheating has impaired the movement of the magnetic 
tape. The situation has been greatly improved by appropriate heating in the 
winter and ventilation in the summer. 
— It should be ensured that the measurement and registration system correlates 
data to actual time. The data loggers in question are equipped with quartz 
clocks, but not with day-counters. The situation is similar in many measuring 
devices. In the case of power failure the clock devices reset, or, if the tape sticks, 
part of the information is not recorded. After the disturbing factor has been 
removed it has often been extremely difficult, sometimes even impossible, to 
connect the otherwise faultless data to actual time — thus, e.g., the exact 
hour of the day of a measurement might be known, but not the actual day of 
observation. 
— The measuring system should be designed to cause the least possible perturba-
tion in the physical processes to be observed. The distortion effect on turbulent 
fields due to the registration box at the sea mast will be discussed in detail 
later below. 
— A versatile data collection system requires dependable and simple methods of 
checking and calibration, which can be used frequently, often under difficult 
circumstances. In modern measurement and data collection systems the meas-
uring device often consists of two separate units (a sensor and an interface), 
which makes calibration rather laborious since, from time to time, the calibra-
tion has to be made separately for the sensor and the interface. Thus, for exam-
ple, the platinum resistors used as temperature sensors at the Loviisa sea mast 
have been found to remain almost unchanged over a period of five years, while 
the so-called electronic drift has been caused by the data logger itself. However, 
except in the case of malfunction, there has been only slight drifting of the 
order of a few per mille. A single, thorough calibration of all the sensors at 
the sea mast requires several work-days. The profile measuring device, on the 
other hand, yields average results with a good degree of confidence, even with 
less frequent calibrations, because in profile measurements the sensors act as 
mutual references. 
— The special requirements for those sensors which are likely to be contaminated 
have to be taken into account. 
In short, it can be said that the conditions for proper functioning of automatic 
equipment are careful calibration and an adequate regular maintenance. Otherwise, 
in the case of various disturbances or faulty tape movement the observation losses 
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at the sea mast have been up to 100 %, thus impairing data coverage. When the 
system operates well, the lost data have been 2 to 3 %. The properties, functioning, 
reliability and data recovery of each measuring device are separately presented below 
in connection with discussion of the quantities in question and/or in special reports. 
3. SOME CHARACTERISTICS OF QUANTITIES AFFECTING AIR-SEA 
INTERACTION, TURBULENT TRANSFER AND ENERGY BALANCE 
IN THE STUDY AREA 
An extensive statistical study is being made of the properties connected with the 
air-sea interaction and the energy balance of the Loviisa research area. Some il-
lustrative results and examples of the quantities and processes, essential for the 
air-sea interaction statistics and physical monitoring of the power plant area, will 
be presented in the following. They represent primarily the background data for the 
sample periods over which the energy exchange and air-sea interaction are discussed 
in detail in this paper. The extent to which these sample periods are representative 
is discussed in section 5.1.4, below. 
3.1. Average conditions and diurnal variation of wind speed, temperature, humidity 
and Bowen ratio 
The average diurnal variation of the wind speed, air-sea temperature difference, 
saturation deficit of specific humidity, and the Bowen ratio for monthly periods 
in the autumn of 1972 and the summer of 1974 are given in Fig. 4. The mean diurnal 
variation of the air and the sea surface temperatures is presented in Fig. 5. The data 
are based on observations made at the sea mast every fifteen minutes; the atmospheric 
measurements were made at a height of 4.5 in, and the sea surface temperature was 
measured at a depth of 0.5 to 1 m. 
As can be seen from the graphs in Fig. 4, the wind speed, temperature difference 
and saturation deficit have a somewhat similar average behaviour and obvious cor-
relation. As a result, the Bowen ratio has a diurnal variation, too. The most salient 
results are summarized in the following; 
a) Wind speed, air temperature, stability (here 0,-0,) and the saturation deficit 
of specific humidity all reach their greatest in the afternoons, more or less simulta-
neously. However, in October, no distinct mean diurnal variation of the wind speed 
and saturation deficit has been observed. 
b) For all the periods studied, the monthly average of the wind speed has been 
between 4.2 to 4.8 ms-1. The wind speed has generally been at its minimum late in 
the evening and at midnight. The most obvious mean diurnal variation of about 
2.5 ms-1  was observed in June. 
c) In all cases there has been an obvious periodic diurnal variation of the air 
temperature, being 3.3 °C in June, 2.2 °C in July, 2.4 °C in September and 1.9 °C 
in October. Comparing these values with the results obtained by Heino (1977) at a 
corresponding latitude, it may be seen that the variations at the sea mast during the 
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The hourly means are based on observations made every fifteen minutes, and the atmospheric 
measurements are made at a level of 4.5 m. m=monthly average. 
summer months have been only some 30 % and during the autumn months some 
40-55 % of the mean periodic diurnal variations of the air temperature observed 
during the corresponding months (in 1970-1975) above the ground at the airports 
of Helsinki and Turku, each located some twenty kilometres from the coast. 
It should be borne in mind that diurnal air temperature variations of these examples, observed 
at the sea mast, do not result from vertical heat balance near the sea surface, but are due mainly 
to advective processes, and therefore, also to sea-coast interaction. Because of the very low ab- 
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sorptivity of the global radiation in the air, the diurnal air temperature variation above the 
sea due to vertical processes only is small. In the air layer close to the sea surface, it is of the 
same order or somewhat less than the diurnal temperature variation of the sea surface (Roll 1965). 
d) A periodic diurnal variation has been observed in the surface layer temperature 
in the water (0.5 to 1 in). The exception is October, when the diurnal behaviour cor-
responds to an average cooling of about —0.2 °C per day. The periodic diurnal varia-
tion was approximately 0.5 °C in June, 0.4 °C in July and 0.3 °C in September. The 
time of the maximum surface temperature is determined, on the one hand, according 
to when the heat balance of the surface becomes negative in the afternoons and, 
on the other hand, by the mixing processes at the sea surface. 
e) The average temperature difference between the air and the water surface was 
about +0.1 °C in June, —0.9 °C in July, —2.4 °C in September, and —1.8 °C in Oc-
tober. These results show a different trend from those of Hela (1951) of the average 
temperature differences between the air and the water surface on the open sea, as 
measured at the bank of Finngrundet (61°04'N, 18°40.5'E). According to long-period 
averages, the temperature difference between the air (4 m) and water surface at 
Finngrundet was about +2.5 °C in June, +1.4 °C in July, —0.3 °C in September, 
and —1.1 °C in October. In addition to possible differences in the periods being com-
pared (the climatological temperature conditions did not, except in July, deviate 
appreciably from long-period averages, cf. sect. 5.1.4), one must consider an important 
factor to be the shallow waters of the coastal area. During the summer this causes the 
warming of the water surface and water column to be faster and stronger at the coastal 
region than on the open sea. The surface temperature at Hästholmsfjärden was in 
June 1974 about 3 °C and in July 1974 over 2 °C higher than that on the open sea 
of the Gulf of Finland (Inst. of Marine Research, Helsinki, unpublished data). On 
the other hand, the location of the area between the land and open sea may create 
dependencies of some air-sea interaction parameters on the direction of the wind, 
of which some examples are presented later. Hela (1951) observed distinct variations of 
the air temperature and humidity according to the wind direction at the bank of 
Finngrundet, which lies some 75 kin from the nearest coast. 
f) The noticeably large saturation deficit in June-July caused strong evaporation, 
unlike on the open sea, already at the beginning of summer, as will be discussed in 
section 5.1.3. The main reasons for this are similar to those mentioned in (e) above, 
being the faster and stronger warming of a semi-enclosed area as compared to the 
open sea, and also the open sea-archipelago-coast interaction. 
3.2. Directional variation of air-sea interaction parameters 
Fig. 6 gives an example of the special characteristics of the coastal situation of the 
research area. It represents a case where a significant air temperature and humidity 
variation (Fig. 6b) is associated with a turning of the wind field in a land and sea 
breeze situation (Fig. 6a). It may be seen from Fig. 6b that after some short pertur-
bations in the afternoon, the wind blows from the open sea (cf. Fig. 1) until 8 p. m., 
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Fig. 6a) Diurnal variation of the surface wind vector as measured at hourly intervals at the sea 
mast on 5.6.1974. Speeds represent averages over 15 minutes and directions are instantaneous. 
Fig. 6b) V\Tind vector, air temperature (B,), sea surface temperature (Os), specific humidity in 
the air (q2), and saturation deficit of specific humidity (qS—q) as measured at 15 min. intervals 
at the sea mast in the late afternoon and evening of 5.6.1974. 
during which time the air temperature has dropped below the sea surface temperature 
at Hästholcosfjärden (the surface temperature on the open sea was at that time over 
2 °C cooler than at Håstholmsfjärden). 
After 8 p. m. the wind rotates to north-west and the air temperature rises rapidly 
through 2 °C, caused by warm air coming over from the land. Thereafter the diurnal 
cooling continues steadily. Analogously, a significant change is observed also in the 
atmospheric humidity (and saturation deficit) due to the "dry" air coming from the 
land. 
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The dependence of air-sea interaction parameters on the wind direction is somewhat 
difficult to determine using simple statistical methods, due to several interfering sour-
ces and correlations (e.g. climatological conditions, long-period trends of parameters, 
diurnal time correlations of the wind field and so on). Their influence is not always 
well known and hence cannot easily be removed. Therefore, e.g., single observations 
of the parameters are generally the result of a combined climatological, diurnal and 
directional "modification", as was seen in the previous example. However, a simple 
directional classification of long-period mast data has yielded some interesting results. 
For example, the variability (i.e. here, the standard deviation) of the air-sea surface 
temperature difference has generally been less when the wind has blown from the 
open sea (directions 150° to 2400) than when it has blown from the land, suggesting 
the role of the sea as a modifying influence. This is illustrated in the examples of 
Table 2, which presents also the directional distribution of the wind during the periods 
studied. (The mean values have been omitted from the table in order to avoid er-
roneous physical interpretation for the reasons discussed above; only the mutual 
standard deviations are compared). The standard deviations for the open sea direc-
tions were generally significantly smaller than the standard deviations of the diurnally 
classified material. 
On the basis of the results obtained it is obvious that the coastal location plays a 
significant role in the air-sea interaction and energy exchange of the research area, 
and yields their variations according to the wind field, but for quantitative inter-
pretations, however, further studies with more data and more refined methods are 
required. The wind field is important for the area also in the sense that primarily 
it regulates currents (Fig. 7) and mixing in the central research area. 
Table 2. Variability of the air-sea surface temperature difference (O E- es) as observed in the 
different classes (300  sections) of the wind direction, and the directional distribution of the wind 
for monthly periods. SD=standard deviation of the observations in each class. n=number of 
observations in each class. 
wind direction 30" 90" I50 210" 270" 330" 
I.8 2.3 2.4 1.5 2.4 1.6 1.2 1.3 1.7 2.3 2.4 2.1 Sept. I972 
2.5 1.4 1.8 1.4 1.2 I.4 1.3 1.3 1.5 2.I 2.3 2.0 Oct. 1972 
oz - 0s 	I 	SD 3.6 2.2 1.8 I.4 1.0 1.3 I.0 0.8 I.1 I.3 2.3 4.7 May 1974 
2.1 I.9 2.5 3.0 2.0 1.6 0.9 1.1 I.4 1.7 2.7 2.4 June 1974 
2.0 1.4 1.8 1.3 I.2 1.2 0.9 1.0 I.3 I.3 1.5 1.6 July 1974 
342 210 123 159 127 189 63 293 253 151 218 222 Sept. 1972 
287 155 70 75 120 191 191 284 349 414 282 224 Oct. 1972 
wind distr. 	I 	n 199 123 47 34 59 80 227 253 81 132 47 72 May 1974 
260 218 165 167 174 218 241 203 165 121 114 92 June 1974 
64 69 141 181 284 399 452 430 173 147 87 65 July 1974 
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Fig. 7. Hourly wind and surface current (z — 1.5 m) distributions as measured by the sea mast 
in July—August 1975. The current and the wind have been observed parallel to each other (to 
the direction of propagation). The distance from the origin represents the percentile of all ob-
servations, and the distance between the sides of the polygons corresponds to the speed dif-
ference. After the surface mast fell over in 1975, the technical arrangement of the wind direction 
sensor has caused a slight distortion in the wind distribution. The location of the wind direction 
sensor with respect to the registration box is responsible for the small contribution of winds to 
south-west and the large contribution of winds to south-south-wrest. 
4. PROFILE STUDIES 
4.1. Wind profile studies 
The vertical profile for the mean horizontal wind speed, under neutral conditions, 
can be tioritten in the well-known logarithmic form (cf. Fig. 9) 
u* 	z 
UZ = 	In (6) 	(A10) 
k 	z0 
where u* , the friction velocity, and zo , the roughness parameter, are constants charac-
teristic of each profile, and k is the von 16,rmå.n constant. Since the measuring height 
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from the surface is known, the friction velocity and the roughness parameter can be 
calculated either from the velocity difference between the measurements at different 
levels, or by calculating a regression line using results from several levels of profile 
measurement. The drag coefficient may be calculated from the foregoing, using the 
definition 
2 	—2 
u 
C~z = 	
* 	
= k 2 In - ) 	 (7) 	(A40) 
uz z0 
The coefficients are mostly normalized to a height of 10 or 2 metres (CD10 and C°D2 ), 
respectively. 
4.1.1. Wind observations 
The observation mast used in these experiments measures an average wind speed at four dif-
ferent heights (during 1972-1975: 9.3 m, 7.0 m, 4.5 m, and 2 m, and since 1976 to 1978: 10.6 in, 
6.85 m, 4.5 m, and 1.6 m above the mean sea level). Heavy Casella 117 1254/2 contact-three cup 
anemometers are used to measure the average wind speed by integration over 15-minute periods. 
The anemometers have been calibrated in the wind tunnel of the Finnish Meteorological Institute. 
The registration system records single observations with a resolution of 0.05 ms-1. Hour-averages 
of four successive observations have been used in profile surveys to increase accuracy. The direc-
tion sensor (a compass) at the top of the mast is connected to a potentiometer and relays an 
instantaneous direction at the end of each I5-minute registration period. 
4.1.2 Distortion effect of the mast structure 
A preliminary survey of the wind profiles indicated occasional interferences in the 
wind data collected at the lowest measuring level. The interferences are due to the 
structure of the observation mast, mainly the registration box, the size of which is 
1.9 m x 1.4 m x 0.8 m (Figs. 3 and 8a). Out in the field, the interference was also 
noticeable, especially when the wind was from the north-east or east, and was thus 
directed from behind the back of the registration box, as the anemometer on the 
lowest level showed very small wind speeds. It has not been possible to reduce the 
interference by placing the registration box closer to the water surface, because of 
wave action and variations in the sea level. During the planning stage the possibility 
of placing the registration box on shore was discarded, mainly for fear of technical 
difficulties in telemetry and calibration. 
To study the distortion effect on the wind, data were chosen for which the stratifi-
cation was nearly neutral (the following criteria were applied; an air-water surface 
temperature difference of tS —t 3 l < 1.5 °C and wind speed, measured at the top 
level (9.3 m) of at least 4 ms-1). 
Using the three upper levels, the method of least squares was applied to calculate 
according to eq. (6) a logarithmic wind profile, from which one could then estimate 
the wind speed at the lowest level (2 m). The observed wind speed on the lowest 
level was compared with the calculated speed, and the results are presented graph-
ically as a function of wind direction (Fig. 8b, situation in 1972). The distortion effect 
was most prominent (about 60 % reduction) when the wind was directed from behind 
the back of the box. 
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Fig. 8a) Vertical projection of the structure of the observation mast. 
Fig. 8b) Distortion effect of the mast structure. The ratio of the observed wind speed on the lowest 
level to the wind speed calculated from the logarithmic profile. 
Fig. Sc) Distortion effect of the mast structure. The situation after extension of the lowest 
anemometer arm in 1973. 
To reduce structural effects, the arm of the lowest measuring level was extended 
in the autumn of 1973. The anemometer was thus removed to more than a metre 
from the mast itself. Because of the distortion effect, it would have been more ad- 
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vantageous to have the anemometer still farther away from the mast, but a compro-
mise was made to avoid possible new complications from vibrations and rocking due 
to wind, wave action and ice, or strain on the supporting structure. As can be seen 
from Fig. 8c, the extension of the arm had a definite effect on the distortion; the 
sector of intense interference became narrower and the "fine structure" simpler. 
The data studied do not indicate any obvious dependence of the distortion effect 
on the wind speed. 
Several authors (e.g. Brocks and Kriigermeyer 1970, Izumi and Barad 1970) have reported on 
possible structural effects and the importance of avoiding them. However, only a few analyses 
have been made of the possibilities of correcting data for structural effects (e.g. Paulson et al. 
1972, Mitsuta and Fujitani 1974). Paulson et al. have reported on "hull"-effects in connection 
with profile measurements made during the Bomex project. Measurements indicated that the hull 
of the research vessel, RSV Flip, which can be turned to a vertical position as an observation tower, 
disturbed the wind profile up to a distance of a measuring instrument of 50 feet (15 m). The 
FIip's 7-9 metres wide hull interfered with profile measurements so that the calculated drag 
coefficient was smaller than "normal". On the basis of simultaneous direct flux measurements 
Paulson et al. determined a correction factor, which was non-linear with respect to the measuring 
height. The part of the Flip's hull which is above the sea surface also has a variable shape and 
in order to investigate the hull effects, a miniature model was tested in a wind tunnel. These 
model results led Mollo-Christensen (see Paulson et al. 1972) to assume the hull effects to be 
worst at the lowest measuring levels, where the vertical gradients in turbulent profiles are greatest. 
The distortion effect may interfere also with humidity and temperature measure-
ments, but in them it is much harder to detect. Nevertheless, some indications of 
interference with humidity measurements have been observed at the Loviisa ob-
servation mast when the registration box has happened to lie between the wind and 
the humidity sensor (cf. sect 4.2.2). 
In handling the data collected by the Loviisa observation mast an attempt has 
been made to avoid interference due to structural effects, by choosing measuring 
levels and wind directions acceptable for calculations. In addition, in 1976, the surface 
mast was extended, the lowest anemometer was moved closer to the surface, and 
the measuring levels were adjusted to suit the "logarithmic phenomenon" better. 
The arms of the top three measuring levels were also extended by a metre and stayed 
with wires in order to diminish vibrations. 
Besides the distortion effect discussed above, there may be several other factors which have 
caused substantial inaccuracy in the profile results and criticism in literature. Therefore, 
before presenting the quantitative results of this study, it seems appropriate to discuss 
some of the other more important aspects connected with the studies of turbulent profiles. 
4.1.3. Aspects of the practical determination of turbulent profiles and transfer coefficients 
Thanks to the studies made during the last two decades or so, the "reasonable" 
and mean values of turbulent transfer coefficients are now rather well-known. Re-
search, therefore, should be directed towards determining local characteristic factors 
and conditions with a high degree of confidence. Thus, it is necessary to minimize 
the errors, scattering and distortion caused by the measuring apparatus, experimental 
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set-up, and methods of calculation. The various risks involved were critically em-
phasized by e.g., Yaglom (1974, 1977). The most important factors affecting profile 
measurements and their results are summarized below. The summary includes facts 
deduced from the basic theory, the results presented in the literature (cf. Rondo and 
Fujinava 1972), and the aspects studied during the Loviisa project. These facts 
should be taken into account when working with profile data (especially with wind 
profiles). 
a. Number and choice of measuring levels 
The measuring equipment should extend high enough above the surface (e.g. 10 in) to enable 
reliable profile determinations. There should be sufficient number of measuring devices (3-8), 
and it would be useful to have them logarithmically equidistant, since under neutral conditions 
the differences between measured quantities at adjacent levels are then equivalent. However, 
both the spacing and the actual heights of the measuring levels, as well as the number of the 
observation levels, depend on several other aspects, -which are dealt with in the following. 
b. Profile analysis using difference measurements between two levels, or regression lines using several 
levels 
Difference measurements enable the comparison of meters and profile gradients of different layers 
(of. also paragraph e: Internal boundary layer), whereas possible slight differences of different 
layers and calibrational inaccuracies level off in the regression line (Figs. 9, 10 and 11). The 
correlation coefficient in the regression model must he interpreted with care, because the loga-
rithmic transformation of the height input (if not logarithmically equidistant) may affect the 
weight of each measurement level in profile results. 
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c. Qvali/y and calibration of meters 
Rotating anemometers, which are generally used in profile measurements, have a non-linear 
reaction in a fluctuating %vind field, being more sensitive to accelerating than to decelerating 
speeds. This ''hysteresis" causes an overestimation (du) of the mean wind speed u, which is 
proportional to the intensity of the horizontal turbulence [Auu /ucx.(Q„/eu.)2] and also, obviously 
depends on the properties of the anemometer (Busch and Kristensen 1976, Kaganov and Yaglom 
1976). The magnitude of the overestimation varies from source to source, being almost 10 % 
according to some experiments (Izuini and Barad 1970, Högström 1974). In the light of theoretical 
considerations, however, several authors (Rondo et al. 1971, Gill 1973, and Kaganov and Yaglom 
1976) are inclined to think that the overestimation of the u-component cannot explain an error 
of such magnitude. Thus, it seems probable that the overestimation error of cup anemometers 
is, on average, a few per cent, depending on the equipment and experimental (e.g. stability) 
conditions. 
The overestimation of the -vind speed may affect on profile measurement and transfer coef-
ficient results in two different ways. Firstly, the meter may overestimate the speed appearing 
in the profile equation (6) and in the denominator of (7), and so cause an error in the extrapolation 
of z0. Secondly, the overestimation in vertical profiles is not equally large at different heights 
and the error does not cancel in determining the slope (ulk) of log-linear profiles. A short theoret-
ical consideration shows that the error increases when approaching the water surface and thus 
has a bearing on the "inclination" of the profile. These two factors may be responsible for the 
fact that the calculated drag coefficient is smaller than in reality, the effect being rather small 
(from a few to ten per cent in the calculated "reasonable" examples of neutral conditions) in 
comparison with the accuracy of the determination of transfer coefficients. Because the overes-
timation error increases as the surface is approached, the question reduces partly to a choice of 
measuring levels, discussed in paragraph a, above. 
The importance of a careful calibration of anemometers is demonstrated by the following 
example: 
When the drag coefficient is calculated using the speed difference between two measuring levels, 
equations (6) and (7) give for the error 
dCD 	2d(u
Z2 -u21 ) 
CD N (u22  - u1) 
Hence, when the vvind speed is v10=4 ms ' and the difference zu70—u2=0.57 ms ' (giving 
CDto=1.3x 10-3), an error of 4u1=0.05 ms 1 for both anemometers gives, in the extreme, an 
error of about ±35 % for the result of the drag coefficient. The error due to the inaccuracy 
in the measurements of wind speed increases at smaller wind speeds where the differences are 
smaller, and the problem reduces to that given in paragraphs a and b. If possible, the calibra-
tion of anemometers for profile measurements should be made in a wind tunnel for two or more 
meters simultaneously, which could not unfortunately be clone in this project. 
Results for the drag coefficient determinations by the difference method, made at the 
Loviisa sea mast, are presented in Fig. 11. It is obvious that a significant portion 
of the scattering is due to calibrational inaccuracies as between the different levels, 
especially at small wind speeds, when some of the anemometers at the sea mast have 
been noticeably non-linear. 
d. Length of Ilie measuring period and stationority of conditions 
In profile determinations the wind speed and the wind direction should be (statistically) stationary 
during the period of a measurement (cf., eg., paragraphs b and c). 
The most widely used measuring period is 0.5-1 hour. In some papers (e.g. Rlomaa 1077), 
to diminish the scattering of results, it has been suggested that the measuring period should be 
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Fig. 11. Plot of neutral drag coefficients, normalized to the 10 in level calculated from wind 
measurements made at the Loviisa mast. C Dg.,t is calculated from the speed difference between 
the levels of 9.3 and 4.5 m. CD7,,t is calculated from the speed difference between the levels of 
7 and 4.5 m. 0D97 is the drag coefficient calculated from the speed difference between 9.3 and 71-n. 
prolonged up to even twenty-four hours. This, again, may lead to now sources of error or distor -
tions clue to non-stationarity of tile turbulent wind field (cf. also paragraph c) or, on the other 
hand, profile variations caused by a changing stratification (cf. paragraph f) during the period 
of measurement. 
It would seem to be better, instead of lengthening the measuring periods, to use short-period 
data carefully chosen and classified on the basis of wind and stability conditions. 
e. Internal boundary layer (IBL) due to local geometrical (or seine other discontinuity) factors 
To avoid horizontal inhomogeneities clue to a possible local boundary layer, measurements should 
be made close to the surface, which is rapidly adjusted to new conditions. This, however, may 
lead to other distortion or difficulties, e.g., clue to wave action or water level variations (cf. 
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paragraphs li and g). Stability also affects horizontal homogenization so that the "fetch to meas-
urement height ratio" required for measurements increases under stable conditions. In profile 
measurements parts of the measuring apparatus may be situated in different turbulent layers 
due to an IBL, which may be seen especially in level-difference results. Profile measurements 
may thus be a useful tool in studying internal boundary layers, which are difficult to detect by 
direct methods (at least without several sets of instruments). 
f. Effect of stratification 
Stratification, caused mainly by temperature, but also by humidity, has an effect on turbulent 
profiles (Fig. 9) and bulk transfer coefficients. Since stability has the most intense effect on 
transfer coefficients in the"near-neutral" region (Figs. A2 and A3), this causes dispersion which 
depends on the data chosen as "neutral" region. The effect of stratification increases with the 
measuring height and becomes apparent especially at small wind speeds under the influence of 
even slight air-sea surface temperature differences. Examples of this effect will be discussed in 
sections 4.1.5 and 4.2.2. 
g. Variations in water level 
In measuring situations in which the water level changes with respect to levels of measurement, 
any such change has the greatest effect on the lowest levels (clue to the logarithmic dependence). 
Depending on the method of measurement (height, number of levels) and calculations (differences 
or regression fit), a water level variation of the order of 10 cm when observations of a vertical 
profile up to about 10 in are used, causes a dispersion of a few per cent in the bulk transfer coef-
ficients. 
Ii. Wave effects 
Waves may create a fluctuating wind fold, especially at small wind speeds and close to the surface 
(cf. Konclo and Fujinawa 1972). Kitaigorodskii and Zaslayslcii (1974) and Kitaigorodskii (1976a) 
have investigated the energy exchange between waves and the wind field, and have observed 
that waves have the greatest effect on wind profiles and drag coefficients close to the surface. 
According to measurements by Kitaigorodskii (1976a.) the anomalous effect of waves disappeared 
from the wind profile on the Caspian Sea at a height of about 7 metres. Krugermeyer et al. (1978) 
found that the wind profile was distorted by wind waves up to a height of approximately three 
significant wave heights. This, like all the paragraphs listed here, paragraph j excluded, reduces 
to the paragraphs a and b. 
i. Inaccuracy clue to a wind-drift current or other su.iface currents 
A surface current decreases the relative wind speed with respect to the solid surface. The wind 
profile, therefore, should be calculated according to (A10). In open sea areas the effect on transfer 
coefficient results due to the slowness of the currents (u,'0.02 10) is only a few per cent at the 
most. The aspect may be significant when measurements are made in shallows, where greater 
velocities may exist. If the measured wind speed for the fixed system is vrzl , and for the surface 
current u71 —acs , the relation of the drag coefficients is 
CDzs 	// uzf \ 2 
CDzf 	\ uzf — us / 
(u* does not change, only the profile with respect to the u-axis is shifted) If, for example, the 
measured wind speed is uW =5 ms' and u0.15 ms, the drag coefficient results deviate by 
about 6 %. This, like many of the factors listed in the earlier paragraphs, may have an obvious 
dependence on wind direction at each observation locality. 
M. 
j. Effect of the inaccuracy of the von Kf vinfin constant 
In addition to the aspects described above, which affect, e.g., the choice of measuring levels and 
weighting of results, a further source of error in calculations of transfer coefficients is the inaccuracy 
of the von Kårmån constant. A profile can be used to determine the ratio of v, /k, but not u, 
and k separately. In spite of abundant turbulence data collected in laboratories and out in the 
field during some forty years, the von Kårmån constant has a surprising inaccuracy of about 
20 %,. "Under these conditions there is no basis for rejecting the generally accepted value of 
k.-~ 0.4 (without a second decimal) for the von Kårmån constant" (Yaglom 1974). This view 
has also been put forward by Hicks (1976a), who accepts the constant value of k0.4 with an 
inaccuracy of +0.02. It is interesting to note that considerable deviations (k=0.35 by Businger 
et al. 1971, Högström 1974) from the generally accepted value of the von lårmån constant are 
related also to the unusual ratio of the eddy diffusivities of heat and momentum 
aH=l~yh~~1=1.35 for neutral conditions (cf. Hicks 1976a, and the Appendix pp. 83 and 
86). It has also been claimed that k is not necessarily a universal constant but varies with the 
roughness of the surface (Tennekes 1973).(The numerical value of k=0.405, which is the mean of 
the values inost frequently used, has been used in this study, and it is, of course, quoted to coin-
putational accuracy only, see the note on p. 44.) 
The effect of the inaccuracy of the von Kårmån constant on the magnitude of the drag coef-
ficient can be seen in the following example: a relation between the inaccuracy in k and the drag 
coefficient is obtained from equation (7) 
	
ACS 	2 L k 
CDz 	k 
Hence, for instance, a variation of k=0.40 to k=0.41 yields CDJO=1.26X10-' instead 
of 1.20 x l0-'. 
4.1.4. 1Yind profile results of 1972 
In attempting to take into account as many of the discussed aspects as possible that 
affect profile results, the data chosen from the 1972 wind data represent the following 
conditions: 
a. Stability was considered near-neutral, i.e. 
ts tt?3 <1 °C with an hourly average wind speed of et93 <7 ms-' and 
I ts —t931 <2 °C with an hourly average wind speed of u93>7 ms-1 
b. Wind conditions were considered stationary, i.e. 
— the difference in mean \vinel speed between tw'o consecutive hours yvas at 
most + 1 ms-', 
— the direction of the wind velocity maximum between two consecutive hours 
changed by at most 100. (The direction of the maximum velocity was chosen 
primarily as a reference for computational reasons.) 
c. The hourly average of the wind speed was u93 > 5 ms-' (in order to avoid non-
linearity and small gradients with large relative errors in low wind speed data). 
Cl. The sea level fluctuation during an hour was "slight" (Id i'hl <0.05 m) 
e. Using wind direction as a criterion, those data were discarded which involved 
a wind from behind the mast structure and especially the registration box 
(Fig. 8a). 
29 
Since the reference method issed (Fig. 8) in investigating the distortion effect does 
not give a definite answer as to whether the wind data collected on the lowest meas-
uring level are from any direction sufficiently unperturbed for profile considerations, 
the wind profiles for the upper three measuring levels were calculated from the 
autumn 1972 wind data, chosen according to the above criteria. Fig. 12 represents 
drag coefficient values as a function of the wind speed (for directions between 170°-
3000 ), calculated from a regression line and normalized to a height of 10 metres. 
The neutral drag coefficient has been determined as C%10=(1.2+0.3) x 10-3. On the 
average, the drag coefficient seems to increase slightly as the wind speed increases, 
but no distinct dependence has been observed. 
3 levels 	 4 levels 
0 	3 	1972 0 	1972 
CD,o'10 3 C D~o' 10 
2 	 2 
• s sj 	 • 	° 
° y°....f!° . 	• 	• 
• 
• ufo/ms -~ 	 • UIo/ms-1 
6 	8 	10 	 6 	8 	10 
Fig. 12. Neutral drag coefficient, calculated 	Fig. 13. Neutral drag coefficient calculated 
from the wind observations at three upper from vind observations at four levels. 
levels, as a function of the wind speed. The 
average value CD70=(1.2+0.3)X 10-'. 
There is always considerable inaccuracy in determining the line through three levels. 
The profiles and drag coefficients for all four levels were therefore calculated, ac-
cording to the conditions presented, for directions (1800-2200 see Fig. 8a) for which 
structural effects are least expected. The results can be seen in Fig. 13, and they 
show that the average and the scattering are of the same order of magnitude as in the 
measurements for three levels. 
4.1.5. T'Vind profile results of 1976 
In addition to extending the arm of the lowest measuring level, the wind observation 
installation was essentially improved in 1976 by a new arrangement of measuring 
levels (cf. p. 21) and extension and staying of the arms of the mast. Also, very careful 
wind tunnel calibrations of the anemometers were carried out before and after the 
investigated period. The calibration curves for the anemometers were found to be 
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Cp1o ' 10 	 Fig. 14. Drag coefficient at the 
• sea mast in 1976. The vertical 
' 	 t' 	t 	 •• clashed line indicates the es- 
1 	 ••~ ~• 	 timated region of the distortion 
effect of the mast structure 
(wind directions from 30° to 
1500). The average value CD70= 
900 	150° 	2100 	270° 	3300 	(1.10+0.19) x 10—', (n=59). 
best described as non-linear (hyperbolic). Non-linearity, however, had only the slight 
effect of a few per cent on profile results (drag coefficients calculated by four levels) 
as compared to those calculated using a linear calibration of the anemometers. 
Those profile data which satisfy the criteria presented above were chosen from the 
data obtained during the period of July through August 1976. This time, due to better 
calibration, those cases were taken into account the wind speed of which was 
u1o 6 >4 ms'. Conditions for neutral cases were sitnilarily extended to include nine 
cases with a temperature difference of Its—t0.6l > 1.5 °C out of about sixty studied 
profiles, but in all the cases the difference was less than 2.1 °C. 
The drag coefficients calculated using four levels are plotted as a function of wind 
direction in Fig. 14. No apparent relationship has been observed between the drag 
coefficient and the wind direction within the limits of scattering. Fig. 14 shows that 
the results are of the same order of magnitude as for previous observations, and 
GD10=(1.10+0.19) X 10_
3. 
As has been stated before in paragraph f of sect. 4.1.3 (and in the Appendix), 
even a slight stratification affects the profiles and consequently the drag coefficients. 
The effect is most noticeable at the near neutral region (Fig. A2). Thus, when a 
linear regression line is applied to cases with stratification, unstable cases yield drag 
coefficients which are too small (cf. Fig. 9); the linear fit underestimates zo and there-
fore also the drag coefficient. On the other hand, in cases with stable stratification 
the drag coefficient becomes too high when calculated by the linear fit method. 
In order to determine a more reliable neutral coefficient, a stability parameter, 
the bulk-Richardson number (cf. section 5.1.6), was calculated for all the above 
0 	3 
1Q76 	 ,, C010'
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Fig. 15. Drag coefficient, determined by 
fitting logarithmic profiles to the "neu-
tral" data, plotted as a function of the 
stability parameter Rbvlo• The data 
correspond to Fig. 14. CD10=(1.2+0.2) 
x 10—a (the precise mean value cal-
culated by a regression line, CDro= 
1.23 x 10—', when k=0.405). -0.05 	-0.01 	0.01 
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Fig. 16. Drag coefficient for the data in Fig. 15 (using 	 (/io,/ms_1 
the data f,L0.,olm 2 X 10-2 ) plotted as a function I 	I 	I 	i  
of the -wind speed. 	 4 6 8 
profile measurements and Fig. 15 presents the drag coefficient results for the "neutral" 
data of 1976 as a function of the stability parameter RbV1O . The determined drag 
coefficient can be seen to depend on the stability of the "neutral data" and the 
"real" neutral coefficient was CD1o=( 1.2+0.2) X 10-3 , deviating about 10 % from 
the result of Fig. 14. On the other hand, no distinct dependence in wind speed has 
been observed from the same data (Fig. 16). 
It is important to bear in mind that neither the plot in Fig. 15, nor a similar method 
used later in 4.2.2 for investigating humidity parameters, yield the stability depend-
ence of the drag coefficient, but is merely a method for finding the real neutral coef-
ficient. The dependence of profiles on stratification can be investigated from profile 
measurements by defining universal functions and their constants (e.g. Webb 1970). 
However, any conclusions as to universal functions, determined on the basis of 
profiles alone, are bound to be affected by additional inaccuracies and require at 
least more instrumentation than is required merely for inspection of neutral cases. 
Since the "neutral" data is, in practice, always more or less "near-neutral", the 
stability error may be significant; recall that for example in Fig. 15, the temperature 
difference between the air and the water surface was below 1.5 °C in 88 % of the 
cases, but less than 2.1 °C in all cases. Depending on the method of observation and 
calculation, especially when wind speeds are small and/or the stability distribution 
in the near-neutral data is asymmetric with respect to either direction of stability, 
the stability error in determining neutral coefficients may be significant. 
4.1.6. Summary of results for the roughness parameter and drag coefficient 
Summarizing the results of the wind profile measurements made at the sea mast, 
the values obtained for the roughness parameter and the drag coefficient are 
zp= 0.7 10-' m, (range of zo= 3.2 10-`  to 2.3x 10-' m) 
CD»o=(1.2+0.2) x 10 3  
(the numerical mean O= 1.23 X 10-' will be used in the examples of this study). 
According to eq. (7), the coefficient may be normalized to the desired level. For example, 
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0D2= 1.7 X 10 a 
The friction velocity for neutral conditions is from eq. (7) 
e?-,~=(O%io)112 X uio=(0.035±0.003) X u jo 
The drag coefficient results will be discussed further in section 4.3 below. 
4.2. Humidity profile studies 
Analogous to the mean wind profile, the profile for mean specific humidity, imcler 
neutral stratification, follows a logarithmic form 
I 	 Z 
qz — qs = 	 0 	q* !n Zq 	
(8) 	(A 12) a 
E 
where qz is the specific humidity at the height z, and qs is the saturation specific 
humidity at the water surface (at the temperature of the surface). The quantity 
aL is the ratio of the eddy diffusivities of water vapour and momentton under 
neutral conditions, and has a generally accepted value of a.° — 1 (cf. sect. 1.2 in the 
Appendix). 
The roughness parameter z5 is analogous to the roughness parameter zo. The scaling 
parameter q. is defined as 
—E 
q* 
 
= 
pku* 
where F is the water vapour flux (evaporation). Equations (6) and (8) give for the 
water vapour flux under neutral conditions 
E = p k2 ( In ? 1n ? ) i (q2 — q2 ) u 2 	 (9) 	(A42) 
20 	zq 
D = p CEZ (qS — qz) u 
where C°, is the turbulent bulk transfer coefficient for water vapour, called the Dalton 
number. If the roughness parameters zo and 29 can be determined by profile meas-
urements, the Dalton number can be calculated, and the water vapour flux can be 
obtained using wind and humidity measurements. 
The relations between roughness parameters zo and z are discussed in sect. 1.3 
in the Appendix. According to many theories, the roughness parameters, or at least 
transfer coefficients for the momentum and water vapour, are of the same order of 
magnitude. Thus, z5 may be expected to cause, through In z q , only a slight modifica-
tion in the bulk transfer coefficient of water vapour. This has been confirmed by 
direct eddy flux measurements, and also by humidity profile investigations (e.g. 
Sheppard et al. 1972, Miyake et al. 1970) of which there are only a few. Humidity 
profiles provide a possibility of checking the reliability of wind profiles, and the order 
of magnitude of the drag coefficient. 
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When working with humidity profiles, similar effects have to be taken into account 
as have been discussed in connection with wind profiles (sections 4.1.2 and 4.1.3). 
In spite of the fact that the humidity measuring devices used in this project involve 
some sources of considerable inaccuracy, the measurements have yielded interesting 
results. 
4.2.1. Humidity observations 
Humidity measurements at the sea mast have been performed by measuring the dry. vet tem-
perature difference with platinum resistors (Rosemount mod E 906, Pt-100, 0= 6.3 mm). Up to 
1976 the measuring screens were naturally ventilated, corresponding to the standard thermometer 
screens. The measuring arrangement used since then consists of an artificially ventilated screen 
designed and constructed by the Finnish Meteorological Institute. 
Humidity has been measured at the same four levels as the wind speed (sect. 4.1.1). The regis-
tration system recorded individual dry-wet temperature differences with a resolution of 0.04 °C, 
and the dry temperature with a resolution of 0.07 °C, both corresponding to an accuracy of 
0.05-0.1 °C. The humidity data consisted of hourly averages of fora• observations. The sensors 
used were slow, with a time constant (199 ) of several minutes. Therefore, the readings correspond 
to average conditions during a period of a few minutes. The water temperature sensors for the 
calculation of the saturation specific humidity at the water surface also had a time constant of 
several minutes, and the resolution of a single measurement has been 0.03 °C. The reproducibility 
of the both temperature measurements has been very good, increasing the accuracy of hourly 
averages. 
As there was no practical possibility of determining the psychrometer constants of the meas-
uring screens in the laboratory, the dry-wet temperature difference was compared out in the field 
to the Assma.nn aspiration psycln•ometer. The compared ratio (t~ — t,u)Ass~(td — t,o)snee« varied, 
without any obvious dependence on the wind speed, between 0.9 and 1.2, with an average value 
of 1.1. In most of the situations of comparison the .vind speeds were small (<4 ms'). The devia-
tions in the compared dry-wet temperature differences seem to be due mainly to the following 
factors: 
— The rapid variations in humidity above the water surface, and, on the other hand, the 
different time constants of the measuring devices used for the comparison. 
— Possible radiation effects and the difference in ventilation of wet sensors; in recent in-
vestigations, usually made above gZ•oumd, however, the natural ventilation of the screens 
has been observed to be often insufficient, causing the psychrometer constant to vary 
(Folland 1977) according to the ventilation (i.e. indirectly, according to wind speed and, 
perhaps also wind direction). 
— The differing heat conductivity of the measuring devices; Folland (1977) has demonstrated 
that the different heat conductivities of platinum resistors and bulk-like mercury thermo-
meters, as well as shape and size relationships, may cause significant deviations in the 
measured dry-wet temperature differences. Among other factors, the length of the wick 
covering the platinum resistors essentially affected the wet bulb temperature and conse-
quently the psychrometer constant. The difference was greatest at low relative humidities. 
In the light of the foregoing, it is natural that in the absence of accurate laboratory meas-
urements, it is not possible to determine for the measuring system a psychrometer constant (or 
its dependence on external conditions) which would cover different .vind and humidity con-
ditions. Therefore, the Assmann psychrometer constant has been used for humidity considera-
tions. In the calibration of equipment attempts were made to maintain the best possible com-
parability between the different measuring levels. The quantitative effects of the above 
potential error source will be approximated on p. 36 below. 
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Salinity decreases the saturation pressure of water vapour in the sea surface but, especially 
in Baltic waters of low salinity, the effect is insignificant. Nevertheless, in the marine atmosphere 
salt may have an effect of practical importance if the moisture measuring instruments, e.g. 
wicks, are severely contaminated or covered with crystallized salt. 
4.2.2. Humidity profile results 
The data chosen for humidity profiles represented cases where calibration had recently 
teen made and the moistening wicks of the wet temperature sensors had been 
changed. Furthermore, the following criteria have been applied: 
a. Stability was near-neutral. The criterion for the data was approximately the 
same as that used in wind profiles in section 4.1.4. 
b. Both the wind profile and the humidity profile were "logarithmic". Observa-
tions were classified into two groups according to the profiles drawn. 
c. The situation was stationary with respect to wind and humidity conditions 
(stationary dry-wet temperature difference). 
d. The cases considered were first those for which the wind speed was 269 3 > 
6 ms-1, and later those with U9.3 > 4 ms-1. 
e. The dry-wet temperature difference was big (t tW  z 1.5 °C). This was to ensure 
that vertical gradients were large enough to be measured with good accuracy. 
On this basis seventy-eight humidity profiles were accepted for further study, 
covering May—June 1974. A (log-) linear regression fit through four levels was cal-
culated from the data using equation (8). Fig. 17 shows the results for the roughness 
coefficient zq plotted as a function of the wind direction. The results do not indicate 
any apparent difference between land and sea directions, except for a few points 
with direction over 3300, which may suggest a distortion effect due to the mast 
structure and observation box (the box has interfered with the ventilation of the 
lowest level, causing high humidity and also high zq values). No apparent dependence 
of the roughness parameter z9 on the wind speed can be observed within the limits 
of scattering (Fig. 18), the average z9 being 5.5x 10-b in, (ln z,= —9.8+2.2). 
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Fig. 17. Roughness parameter for water vapour, z55 , plotted as a function of the wind direction. 
The average z5=5.5X10-5 m, (ha z4= —9.8+2.2), (n=78). 
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water vapour plotted as a function 
of the wind speed. The data 
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Like the wind-profile, also the humidity and temperature profiles depend on sta-
bility. According to universal functions, the dependence of the latter is even greater 
than that of the wind profile. Therefore, when applying a logarithmic functional 
form, profile studies of humidity may be liable to errors or distortion clue to the sta-
bility distribution of the "near-neutral" data, analogous to the effect discussed in 
connection with the wind profile results above. Therefore, a similar stability inspec-
tion was made, calculating stability parameters RG ~,10 according to eq. (20) for all 
humidity profile observation situations above. The zq-results are presented as a 
function of the stability in Fig. 19, showing an evident interdependence between 
-0.04 	 -0.02 	 0 	 0.02 
2 	 Rb,ro 
. i52 4 
-6  
° 	 . 	.. 	
•5 10 -12 
•• 	-14 
10 7 -16 
-18 
Zaim In IQ 
Fig. 19. Roughness parameter for water vapour, z4, determined by fitting logarithmic profiles to 
the ''neutral" data, plotted as a function of the stability parameter R5„yo. The data correspond 
to Fig. 17. The average In z,= —8.8+2.2, (z( =1.5X 10-,m). 
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stability and the determined roughness parameter and giving a real neutral value of 
In zq which corrects the results obtained above by about 10% . Profiles for cases where 
the wind speed exceeded 6 ms-1, as well as profiles which were visually classified as 
"good", yielded results similar to the rest of the material. As the effect of the stability 
error is more or less linear, a regression line gives for the roughness parameter of 
humidity a value of 
lit zq= —8.8+2.2 
z9 =1.5 x 10-' m, 	(range of zq= 1.7 X 10-5 to 14x 10-3 m) 
Accordingly, the roughness parameter for humidity, or rather the magnitude of its 
logarithm, is close to the result In zo obtained for wind profiles, as adopting the above 
value for In z0= — 8.8 would give a drag coefficient of C 70=1.3 x 10-3. Unfor-
tunately, at the time of humidity observations the anemometers had not been calib-
rated to meet profile consideration requirements, so that the ratio of zq/zo could not 
be calculated. 
The possible error in humidity profiles, caused by an inaccurate psychrometer 
constant, is in this case analogous to the overestimation error of the cup anemometers 
(cf. p. 25). When the observation screen gives too small dry-wet temperature differen-
ces, the application of the Assmann psychrometer constant yields too high humidity 
values, causing an increase in the roughness parameter zq. As examples of the effect of 
the error on the data used in this presentation, a group of humidity profiles (15 out of 78) 
were calculated by decreasing the specific humidity results (i.e. increasing dry-wet tein-
perature differences by 10-15 %, which corresponds to the deviation obtained in 
the Assmann comparison). According to simulations, an inaccuracy of this magnitude 
had an effect of approximately five per cent on the logarithm of the roughness para-
meter (i.e. I dln z,J — 0.4 in Figs. 17, 18 and 19), which justified the application of the 
present data to profile investigations. The examples of evaporation, to be presented 
later in this study, have been constructed also with the Assmann psychrometer 
constant, which may have caused the saturation deficiencies in evaporation calcula-
tions to be too small by a few per cent. Bearing in mind that there are other inac-
curacies acting in the opposite direction, namely the tendency of cup anemometers 
to overestimate wind speeds and possible overestimation of the sea surface tempera-
ture (see below), it did not seemed worthwhile to use approximate correction methods 
in trying to change the results and the net error, which is small considering the general 
accuracy of evaporation determinations. 
The sea surface temperature measured in the ordinary way at a depth of several decimeters (0.4 
to 0.9 m in this study) may, depending on circumstances, differ appreciably from the skin tem-
perature (thickness of the order of 10-' to 10-' cm, Hasse 1971), which can be measured only 
by a radiometer or corresponding instrument. This skin temperature is controlled by the heat 
balance and turbulent mixing of the water surface and can cause in the surface "a cool skin or 
hot skin". The temperature difference between the skin and the bulk surface layer, called the 
surface temperature deviation, has been the object of active study during recent years (e.g. 
Saunders 1967, Hasse 1971, Paulson and Parker 1972, Katsaros 1974, 1977, Grassl 1976, Ginzburg 
et al. 1977, 1978, Hicks and Hess 1977). According to their studies it is this fluctuating surface 
temperature deviation that is directly proportional to the heat balance of the surface and 
indirectly proportional to wind speed, and deviations of 0 to 0.5°C of the cool skin are frequently 
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observed but being 0.2 to 0.3 °C at the most. Though different (laboratory) studies are in rather 
good agreement with the magnitude of the surface temperature deviation, there is as yet hardly 
any applicable reliable correction method for varying field and mixing conditions. However, 
if the overestimation error is 0.1 °C for a surface temperature ts 'l2 °C, that would cause an 
error of about 0.06 g leg' in the calculation of q0. Furthermore, in the range of the studied data, dq, 
causes an error in the roughness parameter of the order Aln zq— — 0.6. Therefore, if the inaccuracy 
in the measurement of the surface temperature is 0.2°C or more it will have a.n obvious systematic 
effect on the results (cf. Figs. 17 to 19), being still significantly less than the standard deviation 
of the results. This kind of error in humidity profiles is analogous to the surface current error in 
wind profiles (sect. 4.1.3). 
4.2.3. Humidity roughness parameters given by the theories of Sverdrup, Montgomery and Sheppard 
The theories of Sverdrup (1937), Montgomery (1940), and Sheppard (1958) (see Deacon and Webb 
1960) regarding the bulk formulae for water vapour provide an interesting possibility of comparing 
the above obtained z 9-results with the mentioned theories (see the Appendix sect. 1.3). If the 
z q-values, corresponding to average conditions (t5-12 °C and u93-.6 ms) during the humidity 
observations above, are calculated according to the above mentioned theories, it follows that: 
— The roughness parameter according to Sheppard's theory (Hicks 1975) is obtained from 
(A13) as 
D 
z— 	= 2.9 x 10 4 m, 	 (In z = —8.1) 
q 	k u*  
— The formula (A14), derived from Montgomery's double layer model for smooth surfaces, 
when the constant 2=7.8, yields 
D 	— kav/D 
zq 	 e 	 = 4.5 x 10-5 m, 	( 1/z z = — 10.0) 
k u* q 
— The elaboration of Sverdrup's double layer model for rough surfaces (A15) gives, when the 
constant Å= 11.5, 
C
/
/Xy
zq F zo e  
u*  
and if the constant 2=7.8, 
= 5.1 x 10-5 m, (In zq = — 9.9) 
zq = 8.4 x 10-5 in, 	( In zq = — 9.4) 
The values D=0.244 cm2 s 1 , v=0.146 cm2 s ` ( corresponding to a temperature t= 12 °C) have 
been used, and the v*  corresponding to the average wind speed has been calculated using results 
from 4.1.6. For the constant A, Montgomery's value of 7.8 is used in (A14), and in Sverdrup's 
formula (A15) von Kårmån's value of A =11.5 has been-used (see Sverdrup 1951). 
Comparing roughness parameters calculated according to the above theories (which 
all take into account the effect of surface temperature on the roughness parameter 
and transfer coefficient) all three results are seen to agree with the results and standard 
deviation obtained in this study, Sheppard's theory giving the result closest to the 
average. Hicks (1975), using limited data, however, has found that the results ob-
tained from Sheppard's theory are in agreement with experimental data. On the 
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other hand, Kitaigorodskii (1973) has observed that Sheppard's and Sverdrup's 
evaporation theories for quasi-smooth surfaces lacked experimental confirmation 
in the cases he considered. Apparently, all three theories assume an increase in the 
roughness parameter zo with increasing wind speed (i.e. friction velocity). Otherwise, 
zq and the Dalton number decrease with increasing wind speed, which seems ques-
tionable in the light of published results of the turbulent bulk transfer coefficients 
for water vapour. 
4.2.4. Turbulent bulk transfer coefficients for water vapour and sensible heat 
In the temperature profile the vertical gradients in the near-neutral region are very 
small. Temperature profile measurements, therefore, require highly advanced tech-
niques and exceptional arrangements, which have not been feasible in this study. 
On the other hand, it has been until now generally accepted, on the basis of both 
theory and experiment (cf. p. 86), that the eddy-mechanisms of water vapour and 
sensible heat are analogous and that within experimental error 
z 4 2H = ZHq 
CEz '' CHZ  - CHEz 
Adopting the results obtained from humidity profile considerations, the turbulent 
bulk transfer coefficients for water vapour and sensible heat under neutral conditions 
are obtained from eq. (9): 
z z -1  
CHEz = k 2 	) z o 	z q 
the precise numerical values are hence 
CHE10 	L.28 x 10-3  
and 
CHEZ — 1.74 x 10-3  
The difference between the value obtained for the Dalton number and the drag 
coefficient is of the same magnitude as the effect of the second decimal in the von 
Kårmån constant on the drag coefficient (cf. p. 28). The result obtained here from 
humidity profiles may better be thought of as merely confirming the reasonable 
magnitude of the drag coefficient. Determination of the standard deviation of CHG2  
in this case is difficult, because an average value of zo has been used to calculate the 
coefficient, but it seems obvious that the error limits determined from the inaccuracies 
of zo and zq , using the principle of cumulative error, are too high. As a first approxima-
tion it may be reasonable to assume that the magnitude of the average scattering 
for CHE, is about the same as for the drag coefficient, being (0.2 to 0.3) X 10-3. 
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On the basis of the above results the parametrized equations (4) and (5) for cal-
culating the water vapour and sensible heat fluxes under neutral conditions are (the 
air clen.sity and specific heat correspond to a temperature of 15 °C) 
E/kg m-2s-1 ,~: 1.55 x 10-3 x (q - q 10 ) x (u10/ms 1 ) 
E/kg m-2s-1 	2.11 x 10-3 x (4s - 92 ) x (u2/ms -1) 
H/Wm-2 - 1.56 x (t8/°C - t101°C - 0.1) x (u10 /ms 1 ) 
4.3. Discussion on roughness parameters and neutral bulk transfer coefficients of 
turbulent fluxes 
Many transfer coefficient determinations have been made in recent years using dif-
ferent methods. Direct flux measurements and profile results are usually compatible 
when careful measurements are made (e.g. Miyake et al. 1970, Businger et al. 1971, 
Kraus 1972, Dunckel et al. 1974, Högström 1974, Meshal 1977). On the other hand, 
there do exist experiments with contradicting results. The values obtained for the 
neutral drag coefficients usually fall within a range of 103CO 10 =1 to 2, with a stand-
ard deviation of the order of 10-30 %. Drag coefficients calculated using the wind 
set-up observations have been slightly greater, on the average, than when determined 
by other methods. Using profile methods, Brocks and Kriigermeyer (1970) have ob-
tained a value of 103CD10 =1.25+0.14 for the North Sea. Hasse (1968) has reported 
a value of 103Coto=1.20±0.24 for the Baltic Sea, obtained by direct methods. 
Dunckel et al. (1974) have obtained a result of C%=1.39)< 10-3 for the Atlantic 
by direct methods in connection with the ATEX-project. Garratt (1977) has written 
a review on drag coefficients over oceans and continents and he has proposed for the 
open sea a neutral drag coefficient which varies with the wind speed. Elomaa (1977) 
has compared results of shag coefficients obtained in about sixty-five different in-
vestigations throughout the world using different methods, and has obtained an 
average value of CD70=1.37 x 10-s. 
There are remarkably few results for the sensible heat and water vapour roughness 
parameters and neutral bulk transfer coefficients, which is principally due to ob-
servational and instrumental difficulties. According to the available results they 
do not usually differ significantly, within reasonable limits of error (being at least 
of the same order of magnitude as those in the determination of the drag coefficient), 
from experimental results for the neutral drag coefficient, and it is commonly accepted 
that CHz -C,Z . Some theories (see Merlivat and Coantic 1975) suggest that the ratio 
CFZ IC DZ decreases with an increasing roughness Reynolds number, as has been con-
firmed by laboratory experiments performed by Merlivat and Coantic. However, 
these questions are still open to discussion. 
Though the transfer of momentum, heat and water vapour may involve different 
mechanisms of transfer, especially at the air-sea boundary, they are subjected to 
similar problems such as mechanical turbulence, formally expressed through the 
friction velocity in equations covering all the turbulent fluxes. 
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In the light of the theoretical (cf. the Appendix) and numerous practical aspects 
discussed in the preceding sections, most of them affecting also other methods of 
determination than the profile or gradient method, it can be understood that the 
roughness parameter and bulk transfer coefficient results involve invariably an 
inaccuracy and a certain variation. Thus, e.g., the exact values of universal bulk 
transfer coefficients, if they exist, remain at least at present more or less an academic 
question. Additionally, one must be critical in making strict comparisons between 
drag coefficients measured in different areas, especially for limited fetches and en-
vironments, as the character of the local turbulence depends not only on external 
factors, mainly wind conditions, but also essentially on local features. 
According to recent, partly conflicting, theories and investigations (Stewart 1974, 
Kitaigorodskii et al. 1973, Kitaigorodskii and Zaslayskii 1974, Baines 1974, Kondo 
1975, Melville 1977, Phillips 1977, Kuznetsov 1978, Kitaigorodskii and Mälkki 
in press) waves may have significant local effects on the height of roughness elements, 
the drag coefficients, and the energy exchange of the boundary layer. It is also ob-
vious that the effect of local conditions becomes most apparent in shallow and limited 
coastal areas where variations in the depth and wind conditions, as well as the prox-
imity of the coast, have an effect on the wave action (velocity, refraction), and con-
sequently on the energy exchange. It has been suggested that the drag coefficient 
is smaller in shallow waters (Baines 1974, Hicks et al. 1974) than in the open sea. 
An interesting situation would apparently arise where the depth conditions vary 
rapidly, causing rapid variation of the wave speed and variable exchange of energy 
between the waves and the wind field. It has further been suggested that a limited 
fetch decreases the drag coefficient as compared to an open fetch (Businger's review 
1975). 
Several theories and results (Charnock 1955, Smith and Banke 1975, Garrat 1977, 
Melville 1977) suggest an increase of the drag coefficient with increasing wind speed. 
In contrast, there is a significant body of data which suggest that the drag coefficient 
is reasonably constant in a moderate wind speed range. A categorical solution of 
this behaviour in terms of numerical values of the drag coefficient itself is difficult 
to extract since, especially at low wind speeds, the scattering of drag coefficient results 
is large. Of the several possible reasons for the large scattering, in addition to instru-
mental errors and those discussed e.g. by Garrat (1977), three subjects are worth men-
tioning. Firstly, the similarity theory relies on the horizontal homogeneity and semi-
stationarity of the turbulence and the wave field, which is seldom achieved in practice, 
especially at very low wind speeds. Secondly, some recent theories and results have 
suggested the important role of the capillary waves in the formation of roughness 
elements (and roughness parameters), especially at low wind speeds. The capillary 
waves can be considered to be independent of fetch, whereas the gravity waves and 
"form drag", which are important at high wind speeds, are not. Thirdly, the atmos-
pheric stability affects turbulent transfer, profiles and results most significantly in 
the near-neutral region (Fig. A2), and many methods to determine the neutral bulk 
transfer coefficients are sensitive to errors caused by it, especially if the stability 
distribution of the near-neutral data is asymmetric. Errors due to the stability effects 
in neutral results increase with decreasing wind speed and may therefore give scat-
tering and false results for the wind dependence of the neutral drag coefficient. 
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Finally, of course, it is still an open question as to which part of the scattering and 
deviations of the results for roughness parameters and turbulent transfer coefficients 
is due to the instrumentation and installation, and which part is due to local and 
aerial characteristics. 
In the light of what has been presented above, the results for the roughness para-
meters, drag coefficient and turbulent bulk transfer coefficient of water vapour 
obtained in this study may be thought of as correct in magnitude and fairly reliable. 
Nevertheless, additional data are needed, preferably using different methods, when 
trying to ascertain the nature of turbulent mass and energy transfer in a research 
area possessing complicated geometrical properties. 
5. TURBULENT BULK TRANSFER AND AIR-SEA INTERACTION IN THE 
STRATIFIED ATMOSPHERIC SURFACE LAYER 
5.1. Bulk transfer coefficients and fluxes under stratified conditions 
The density stratification or stability effect due mainly to temperature, but also to 
water vapour, has an influence on the nature of turbulence and therefore on the 
vertical flux quantities. Stable stratification diminishes turbulence and decreases 
flux quantities. Under unstable conditions buoyancy reinforces the turbulent ex-
change. The effect of stratification on turbulent profiles may be expressed by so-
called universal functions, which are discussed in detail in the Appendix. It has not 
been the purpose of this study to determine universal functions or the constants 
involved, since the equipment used did not meet the necessary, very high, require-
ments. On the other hand, the determination of universal functions is regarded now-
adays as being rather reliable, as it seems that the relationships obtained in one area 
also apply to other areas. Only very unstable or, especially, very stable conditions 
present cases where the behaviour of the universal functions is partly unknown. 
Under stratified conditions the turbulent flux quantities of momentum, sensible 
heat and water vapour can be expressed by bulk formulae, corrected for stability 
z 	' 
T = p CDz ii z 2 	 CDz = k2 (1?? . 	— 0 M (~l) 	 (lo) (A40) z 0 
H = p cp CHz(BS — 02 )u2; CH Z = k 2 (in z — n~()) 1 (M z — 014m) (11) 
(A4 1) 
zo 	ZH 
E = p C 2(9 	g z )at z 	CEZ = ti 	 lir 	~(~l) 	 ~li~ 	 C(~) ) 	(1 2) (A42) Z O Zq 
The functions y 1Kn) y y(i) and v() are according to eqs. (A18), (A23) and (A24) 
integrated universal functions for the profiles of wind velocity, temperature and water 
vapour, respectively. As has been mentioned before, the bulk transfer coefficients 
for sensible heat and water vapour are assumed to be equal under neutral conditions 
and 2H Wiz? ~zyq. Also the universal functions for temperature and humidity profiles 
have frequently been observed to be equal 
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- ~HE(~) 
The assumptions above yield Cy 	CHE,. 
The variable in the integrated universal functions is the parameter =z/L, where 
z is the measurement height above the surface and L is a stability parameter, the 
Monin-Obukhov length. 
The dimensionless variable 	describes the relationship of buoyancy to the pro- 
duction of turbulent energy and is defined as 
a Icg(H+0.07CE) 
S = z/L = – 
	
(1 3) (A43) 
To pc p u* 
where To is the reference temperature. L is a constant characteristic of each profile, 
and under unstable conditions is negative. As can be seen from (13), the calculation 
of the Monin-Obukhov length requires the determination of the sensible heat flux 
H (and, if possible, also the latent heat flux LE), for instance by direct eddy-flux 
measurements. On the other hand, the parameter C and the vertical flux quantities 
may be solved by an iteration procedure which will be described later in more detail. 
Based on the discussions on the universal functions presented in the Appendix, the 
formulae adopted in the present calculations are 
a) for stable conditions, of a form close to Webb's (1970) results 
4VO 	4VO 	OE(S) = — S 	 (14) (A31) 
b) for unstable conditions, of the Businger-Dyer form, i.e. 
— for the wind speed profile 
—21 
~M = 2 1n 1 + Om + 1n 
I 	
H 1 + Om 	—2arc tan 0M- 1 + nr/2 	(15) (A35) 
	
2 	 2 
114 (1 — Y0) n~  
— for the temperature and water vapour profiles 
-1 
1 + cbHE 011 	~E = 2 !n 	 (16) (37) 
2 
_ 	 —1/2 	2 
H' OE 	(f 	'' ~) 	_ OM 
In the above, the constant value y=1G has been used. 
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The integrated universal functions are presented graphically in Fig. Al, and 
examples of bulk transfer coefficients Cnz and CHCz for cases of stratification are to 
be found in Figs. A2 and A3, from which it is obvious that stratification has a greater 
effect on the sensible heat and water vapour transfer coefficient than on the drag 
coefficient. 
When applying similarity theories and estimating transfer coefficients, it is im-
portant to bear in mind the approximations made, and that the conditions for which 
the theory holds, as emphasized by, e.g., Högström (1974), are only rarely attainable 
in nature. On the other hand, there is no practical applicable theory at present that 
would be in better accord with experimental results. Thus it is understandable that 
taking stratification into account yields better results than if the formulae for neutral 
conditions were applied to all cases. Aspects connected with the applicability of the 
similarity theory and bulk parametrization will be discussed in sect. 5.3. 
5.1.1. Iteration of turbulent bulk transfer coefficients and flux quantities 
The iteration of flux quantities leads (cf. Hicks 1975, Kondo 1975), in practice, to a rather labo-
rious calculation procedure, -which in routine work is best performed by a computer or corre-
sponding device. The examples presented in this paper have primarily been calculated using a 
desk calculator with data stored on magnetic cards. The layout of the program and the procedure 
for the iteration are outlined in the following. 
1. Input of "semi-variables" and properties of the observation system: input of height of 
measuring level z from mean sea level, and the neutral bulk transfer coefficients CO 
and COHE, (or rather the parameters zo and zy,r ) and their possible dependence on the wind 
conditions. 
2. Input of measured quantities: wind speed u.~, surface temperature ts, air temperature t, 
dry-wet temperature difference dta, height of water level 1'l. Humidity quantities, specific 
heat, air density and enthalpy of vaporization are calculated. The flux of water vapour 
E (and LE) and sensible heat flux H are calculated for neutral conditions from equations 
(4) and (5), and friction velocity u, according to equation (6). A stability parameter z/L=~ 
is calculated from equation (13). 
3. The functions ?p,y(z/L) and ?p HE(z/L) are calculated according to (14) for stable conditions, 
or (15) and (16) for unstable conditions. 
4. New transfer coefficients CD2 and C112 are calculated from (10)—(12), and u according to 
(A20). Using new transfer coefficients and observations, new flux quantities r, H and E 
(LE) are calculated. A new is calculated from u and the flexes obtained above. 
5. Steps 3 and 4 are repeated until a constant stability parameter is obtained. It can be re-
garded as constant when the difference between successive values is IA <l0-' to 10-'. 
At this point the results yield the bulk transfer coefficients Cpl and CHEZ for stratified con-
ditions, the stability parameter C, and the flux quantities t, H and E, (LE). 
The iteration converges rather rapidly, and the problem reguires 2-10 iteration loops depending 
on the region of stratification. Only for very stable cases does the iteration not converge but, 
on the other hand, universal functions are not defined in this region of stratification where their 
behaviour is partly unknown. In any event, the flux quantities then are assumed to be extremely 
small. If observations have been made at several heights, a lower measuring level can be used 
which causes the variable z/L to diminish and possibly leads to a region of stratification where 
the universal functions are defined. The choice of measuring level is significant in that observa-
tions made over lakes or near the coast, where large air-sea temperature differences may exist, 
using a standard observation level of 10 m, may often lead to a region of stability where the be-
haviour of the universal functions is not well-known, as in some examples found in this study, 
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Therefore, observations made in order to calculate energy exchange by bulk aerodynamic para-
metrization should preferably be made closer to the surface (e.g. at a height of 2-3 m). On the 
other hand, in practice, on the sea this is seldom possible or sensible, e.g., due to spray, wave 
action and inaccuracy in the varying measuring height. In addition, a lowering of the measuring 
level diminishes the magnitudes of the differences (O 5 — 6, q s —q£ ) to be measured and reduces 
their measuring accuracy. 
However, under conditions of very large differences in temperature between the air and sea, 
very low wind speeds usually prevail and fluxes, or at least the absolute errors in estimating them, 
are generally small. 
5.1.2. Applicability and quantitative effect of stability corrections on turbulent bulk 
transfer coefficients and fluxes 
An often asked question is "how much does the correction due to the stratification 
affect transfer coefficient and flux results?" When attempting to answer this ques-
tion, also the measuring height has to be considered. The stability effect on profiles 
and transfer coefficients increases with height, which may formally be seen from the 
fact that the parameter ICI increases with height (~=z/L). The same applies to the in-
tegrated universal functions JVJ (of. Fig. Al) and further to the stability effect on 
profiles and bulk transfer coefficients. Therefore, the neutral bulk transfer coefficients 
(fluxes) have to be corrected the more the higher the observation level is. This may 
also be seen from Table 3, which gives some examples of flux results calculated by the 
outlined iteration procedure, applied to simultaneous observations of three different 
measuring levels of the Loviisa mast. From these examples it may be seen that taking 
the stability into account the calculated flux quantities rc, H and .CE are more or less 
compatible (as well as the Monin-0bukhov parameter L) for different levels. This 
requires, for example in cases 3 and 7, a correction factor CD9/CD9=1.27 for the neut-
ral drag coefficient of the top level, and a correction of about 40 % for C? (i.e. 
C HL9/CN Eg=1.4), whereas the corresponding results for the lowest level are 
Cn2/CD2=1.13 and Cxc2/C°xc2=1.20. Therefore, when discussing effects of the sta-
bility (correction) on bulk transfer coefficients and fluxes, they should be coordinated 
to the observation height considered. 
From the results in Table 3 it may be seen that the adopted universal functions 
describe the experimental profiles so that the flux results fit rather well with the 
constant flux layer similarity theory, and the method seems applicable. These con-
clusions are also confirmed in Table 4, where a comparison is made between the results 
calculated for the 9.3 and 4.5 m levels for strongly unstable conditions. The flux 
Note 
In this paper the results in the tables and figures are generally given to a high numerical precision 
for purposes of mutual comparison. They do not, by any means, refer to absolute accuracy, which 
may be estimated on the basis of the discussions presented and on the basis of relevant error 
limits for each factor. The absolute accuracy for the determination of short period turbulent 
fluxes cannot be expected, even at best, to be better than about ± 10 to ± 30 per cent. 
Table 3. Examples of turbulent flux results calculated by simultaneous observations at three 
different measurement levels of the Loviisa mast. The index "0" refers to the results calculated 
using neutral transfer coefficients. For explanation of other symbols see sect. 5.1.1. (For inter-
pretating the numerical precision see the note on p. 44). 
»neb> 
	
cD. , 	cHE 
day 	no ? 	W 	..LL. 	r z 	° tz 	-Dz 	C!z CDz 	d 	
z/ L 
	H O LE O 	T O 	H 	LE 	
T 	 z 
hour m 	m 	m0' 	°C 	°C 	°C 	10'3 	 f0'3 	10-3 	10 -3 m 	Wm2 Wm' 2 503Nni2 Wm2 	Wm -2 10-°Sn-2 CD z 	CHE. 
19.9.1972 9.3 	-0.11 3.44 13.30 7.64 2.12 1.24 1.29 1.65 1.91 -2.04 - 	4.59 30.9 65.1 18.3 45.7 96.3 24.2 1.33 1.48 
20-21 1 	4.5 3.27 7.71 2.08 1.47 1.47 1.77 2.03 -1.05 - 	4.38 33.3 69.6 18.8 45.8 95.6 23.5 1.25 1.37 
2.1 3.14 7.74 1) 1.63 1.70 1.92 2.16 -0.50 -4.38 37.0 - 19.9 47.0 - 23.5 1.18 1.27 
9.3 	-0.12 4.09 13.26 7.71 2.12 1.24 1.29 1.58 1.81 -1.43 - 	6.57 36.0 76.5 25.8 50.5 107.3 32.9 1.27 1.40 
21-22 2 	4.5 3.95 7.83 2.09 1.41 1.47 1.70 1.92 -0.70 - 	6.54 39.1 62.8 27.4 50.9 107.8 32.9 1.2D 1.30 
2.1 3.75 7.78 1) 1.63 1.70 1.86 2.07 -0.35 -6.31 43.4 - 28.1 52.9 - 32.5 1.14 1.22 
9.3 	-0.13 4.48 13.19 7.11 1.59 1.23 1.27 1.55 1.78 -1.40 - 	6.70 42.0 78.D 30.6 59.6 109.7 38.8 1.27 1.39 
22-23 3 	4.5 4.37 7.20 1.54 1.41 1.47 1.68 1.89 -0.62 - 	7.35 47.8 87.1 33.6 61.3 111.7 39.9 2.19 1.28 
2.1 4.16 7.24 1) 1.63 1.70 1.84 2.04 -D.30 - 	7.21 52.4 - 35.0 62.9 - 39.7 1.13 1.20 
27.9.1972 9.3 -0.13 7.02 11.17 5.33 3.01 1.24 1.29 1.44 1.60 -0.52 -17.92 65.6 141.3 76.5 81.1 174.6 88.9 1.16 1.23 
15-16 4 	4.5 6.95 5.50 2.98 1.41 1.47 1.56 1.70 -0.24 -18.97 72.4 156.8 85.5 83.8 181.5 94.4 1.10 1.16 
2.1 6.67 5.89 1) 1.63 1.70 1.73 1.86 -0.10 -20.42 74.9 - 90.6 82.1 - 96.3 1.06 1.09 
9.3 -0.12 6.57 11.16 5.01 2.62 1.24 1.29 1.46 1.63 -0.62 -15.08 64.8 127.4 67.3 81.6 160.5 79.2 1.17 1.26 
16-17 5 	4.5 6.50 5.19 2.62 1.41 1.47 1.58 1.73 -0.29 -15.90 71.4 141.8 74.9 84.0 166.9 83.7 1.12 1.18 
2.1 6.20 5.68 1) 1.63 1.70 1.74 1.89 -0.13 -17.10 72.4 - 78.4 80.3 - 84.2 1.07 1.11 
9.3 -0.09 4.87 11.12 4.69 2.21 1.24 1.29 1.55 1.76 -1.16 - 	8.07 50.3 90.3 37.7 68.6 123.1 46.1 1.24 1.36 
17-18 6 	4.5 4.78 4.85 2.19 1.41 1.48 1.66 1.86 -0.55 - 	8.33 55.3 99.6 40.6 69.8 125.6 47.7 1.17 1.26 
2.1 4.48 5.15 1) 1.63 1.71 1.86 2.01 -0.26 - 	8.30 57.3 - 41.1 67.6 - 46.0 1.12 1.18 
9.3 -0.07 4.53 11.12 4.31 1.90 1.24 1.29 1.58 1.81 -1.40 - 	6.66 49.7 82.2 32.1 69.6 115.1 40.8 1.27 1.40 
18-19 7 	4.5 4.48 4.40 1.92 1.42 1.48 1.69 1.91 -0.66 - 	6.89 55.7 92.5 35.7 72.0 119.4 42.7 1.19 1.29 
2.1 4.27 4.59 1) 1.63 1.71 1.85 2.05 -0.31 - 	6.94 60.0 - 37.4 72.0 - 42.5 1.13 1.20 
9.3 -0.05 4.55 11.11 3.54 1.35 1.24 1.29 1.60 1.83 -1.53 - 	6.11 55.8 79.9 32.5 79.0 113.2 41.7 1.28 1.42 
19-20 8 	4.5 4.45 3.64 1.36 1.42 1.48 1.71 1.93 -0.73 - 	6.19 61.8 88.7 35.4 80.9 116.0 42.7 1.21 1.31 
2.1 4.21 3.91 1) 1.64 1.71 1.87 2.08 -0.34 -6.15 65.5 - 36.6 79.7 - 41.8 1.14 1.22 
15.9.1972 9 9.3 -0.13 5.01 14.54 16.28 2.48 1.24 1.29 1.00 1.03 0.26 35.6 -14.0 29.0 37.6 -11.5 23.3 	30.3 2.80 0.80 
21-22 	 4.5 	 4.48 	16.21 2.44 1.41 1.47 1.25 1.30 0.13 32.8 -13.7 29.7 34.2 -12.1 26.2 30.3 0.88 0.88 
2.1 2) 
9.3 	-0.14 	4.32 	14.49 15.73 	1.87 	1.24 	1.29 	1.01 	1.04 	0.25 	37.3 	- 9.1 	19.8 	28.3 - 7.3 	16.0 	23.0 	0.81 	0.81 
23-24 	12 	4.5 3.76 15.66 	1.81 	1.41 	1.47 	1.25 	1.30 	0.13 	34.6 	- 8.2 	19.3 	24.1 - 7.3 	17.0 	21.4 	0.88 	0.88 
2.1 2) 
1) Faulty humidity measurement for the lowest level, In cut salad rg the pasmctcr :/L the ubswatior °r, of 4.5 m hus boon used. 
2) lnrctfcrencc in the wind observation at the lowest level. 
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Table 4. Comparison of flux quantities calculated from observations at two different measuring 
levels (z: 9.3 and 4.5 m) for very unstable cases. The tab]e consists of all those cases between the 
period of 1.-5.9.1972 for which the stability parameter of the top level was (z/L)93< -1.5 
and ev9.3>2 ms. 
no day Y 	hour u9.3 mS _ L z / L  ( 	)9.3 
1'D9.3 
10-3  
c HE9.3 
10-3  
'"9.3 
Vm -2  
.1. I193 
Nm-2 
H 9.3 
H4.5 
'' C 9.3 
LE4.5 
l 01.09.1972 	00-01 3.68 -2.33 1.64 1.92 58.5 117.6 0.980 0.991 
2 01-02 4,37 -1.66 1.58 1.82 65.6 134.3 0.969 0.979 
3 02-03 4.42 -1.64 1.58 1.82 66.7 145.6 0.970 0.978 
4 03-04 4.29 -1.77 1.59 1.84 66,9 145.8 0.960 0.970 
5 04-05 4.13 -1.98 1.61 1.87 68.3 147.1 0.967 0.974 
6 05-06 4.08 -2.04 1.62 1.88 68.7 141.9 0.959 0.969 
7 06-07 3.79 -2.01 1.62 1.88 62.2 131.1 0.963 0.976 
8 07-08 3.73 -2.15 1.63 1.90 55.8 120.5 0.952 0.968 
9 08-09 3.65 -1.88 1.61 1.86 42.9 123.0 0.977 0.992 
10 09-10 3.62 -1.71 1.59 1.83 36.8 115.4 0.989 1.003 
ll 15-16 3.62 -1.51 1.57 1.80 30.7 112.8 0.979 0.961 
12 16-17 3.24 -1.86 1.60 1.85 27.8 104.2 0.996 0.973 
13 17-18 2.90 -2.26 1.64 1.91 24.9 94.9 0.992 0.977 
14 18-19 2.43 -3.20 1.71 2,02 22.4 80.4 1.005 0.982 
	
15 02.09.1972 02-03 2.11 -7.63 1.93 	2.36 	46.3 	85.6 0.990 0.998 
16 	 07-08 	2.13 	-4.92 	1.82 	2.18 	27.7 	62.7 	0.995 	1.015 
17 	05,09.1972 02-03 4.85 -1.71 1.59 1.83 97.7 153.1 0.996 0.996 
18 03-04 4.61 -1.93 1.61 1.87 96.7 150.2 1.002 1.005 
19 04-05 4.56 -2.00 1.62 1.88 97.5 150.6 0.991 0.994 
20 05-06 3.84 -2.61 1.67 1.96 79.3 126.4 0.998 1.006 
21 06-07 3.94 -2.26 1.64 1.91 72,4 114.7 1.014 0.968 
results for the levels in these examples are equal within a few per cent. This is the 
case also if the universal functions have been applied when the stability lay outside 
the usual range of definition, i.e. the parameter has been I(z/L)93I>2, (cf. Appendix 
p. 95) and the effect of stratification, increasing the neutral coefficients, has been as 
much as 50-80 %, as in cases 15 and 16 of Table 4 (the mean neutral coefficients of 
the corresponding levels are given in Table 3). 
The comparison of flux quantities between different measuring levels depends 
essentially on the accuracy of measurements and requires well calibrated instruments. 
When investigating an appropriate range for application of universal functions, 
it might be advantageous, as a method, to study the stability dependence of the 
ratio of flux quantities measured at different levels and thereby to be freed from the 
necessity of studying of absolute fluxes, liable to errors. According to Table 4 the 
ratios H9.3/H4.5 and £E93/.CE45 did not alter significantly when strongly unstable 
cases were considered, whereas a comparison of stable cases has yielded less satis-
factory results. When the parameter ' has been approximately 0.6 to 1 or more, the 
comparability of results between different levels has been poor, (with differences 
up to about 30 percent), though a detailed analysis of this problem has not been 
made. However, the fluxes themselves are then very sina]!, 
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Fig. 20. Hourly averages of wind speed (u9.3 ), air temperature (69.,3), sea surface temperature 
(Bs ), and relative bulk transfer coefficients during 1.-5.9.1972. Circles indicate the cases when 
(z/L)g 3< — 2. The index of the measuring level (9.3) indicates here, like in all other results, 
only the measuring level and not the actual height above the sea surface (which takes changes 
of water level into account). 
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Fig. 21. Flux of the sensible heat and latent heat during 1.-5.9.1972 calculated from the data 
of tho 9.3 m measuring level. H° and LE° have been calculated using neutral transfer coefficients, 
and H and LE by taking the stratification effect into account. 
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Fig. 20 represents hourly averages of wind speed, temperature and turbulent 
bulk transfer coefficients for the first five days of September 1972. Those cases for 
which the stability parameter obtained by iteration was (z/L)g 3 2 have been 
marked with circles. The graphs clearly indicate a feature characteristic of cases of 
stratification; usually the stratification and its effects on profiles and flux quantities 
are greatest at small wind speeds, decreasing rapidly with increasing wind speed, 
which is apparent also in the definition of the parameter L in equation (13). With 
the exception of those cases representing very unstable conditions, there are a number 
of cases at the beginning and end of the measuring period for which the transfer 
coefficients are 10 to 50 % greater than the neutral values. The fluxes of the sensible 
heat and latent heat during this same measuring period are shown in Fig. 21, cal-
culated using coefficients of both neutral and stratified cases for the 9.3 m observation 
level. 
The presented examples of the effect of the stability correction on bulk transfer 
coefficients (extreme cases of Table 4 naturally excluded) may be somewhat inten-
sified, but are common for short-period studies of lakes and at coastal marine areas, 
where the diurnal variation in the air-water temperature difference and stability 
may be strong (cf. Elomaa 1977). In addition, there may exist significant variations 
in stability according to wind direction, as has been seen in chapter 3. 
The average corrections for transfer coefficients for long periods are generally 
smaller than for short-period cases, but when net fluxes are small, the relative error 
when neglecting the stability correction may be large. Examples of long-period cor-
rections will be given in the following section. In Elomaa's (1977) results of the sensible 
and latent heat obtained in Lammi, the monthly average stability corrections were 
small, though remarkable air-water temperature differences prevailed. This seems to 
have been due mainly to a low measuring height, causing only a slight effect of 
stability on the profiles and transfer coefficients, as discussed above. He applied the 
bulk method between the surface and 1 m, calculating the stability effect on bulk 
transfer coefficients by Rondo's method (see Appendix), which is an approximative 
method using universal functions essentially the same as those used in this study. 
In addition to the considered height, the magnitude of the stability correction 
depends on the neutral coefficients themselves, or rather, on the roughness conditions 
of the surface. This may be seen from equations (10)—(12). For smooth surfaces 
z 	z 	z 
(i.e. large In–, In —, In –) the relative effect of stability corrections (2p-functions) 
zo 	Z. 	z9 
is smaller than for rough surfaces. Therefore, e.g., the stability correction for ground 
surface is generally significantly larger than for water surface. 
5.1.3. Examples of calculated latent and sensible heat fluxes 
As examples, the daily averages of the latent and sensible heat flux calculated from 
the hourly fluxes during September-October 1972 and May-June 1974, are presented 
in Figs. 22-25. The fluxes have been calculated by the iteration procedure using 
observations obtained at the 4.5 in level, with the intention to avoid the parameter z/L 
having high absolute values. Measurements at the lowest level have not been used 
for fear of structural interferences from the observation mast. 
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Fig. 22. Daily average sensible heat flux from the data of the 4.5 m measuring level calculated 
with bull- transfer coefficients for both neutral and stratified cases during September—October 
1972. H°=calculated using neutral coefficients, H=stability correction taken into accotmt. 
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Fig. 23. Daily average latent heat flux in September—October 1972 calculated from the data 
of the 4.5 m observation level. .CE°= calculated using neutral transfer coefficients, £E =stratifica-
tion correction taken into account. 
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Fig. 24. Daily average sen-
sible heat flux calculated from 
the data for the 4.5 m ob-
servation level in May—June 
1974. H°=calculated using 
neutral transfer coefficients, 
H = stratification correction 
included. 
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Fig. 25. Daily average latent 
heat flux calculated from the 
data obtained for the 4.5 m 
level in May—June 1974. 
£E°=calculated using neutral 
transfer coefficients, £L'=cor-
rection of stratification in- 
1.6. 	 cluded. 
Recalling the relationship between the stability correction and the measuring 
height, it may be seen from Figs. 22-25 that the stability correction for the daily 
averages of fluxes varies from a few percent to some 25 %. Summary of the turbulent 
energy exchange conditions during the periods considered may be obtained from 
Table 5, which shows the average transfer coefficients and fluxes for different months 
(calculated from the results of hourly means). Daily air and water temperatures 
are presented in Fig. 35 and 37, and climatological conditions will in addition be 
discussed in sect. 5.1.4. 
Table 5 shows that in September—October the evaporation was of the same mag-
nitude as the long-period average of the Bogskär observations by Simojoki (1948) 
and the average of the Finngrundet observations by Hela (1951), but the sensible 
heat flux, especially in September, has been considerably greater than the average 
reported by Hela. This seems to be due partly to the sea-coast temperature relationship 
and other sea-coast interactions, as discussed in more detail in chapter 3. In addition, 
strong fluctuations of both the evaporation and sensible heat flux were observed 
during the period studied in Figs. 22 and 23. 
Characteristic of the spring period studied was that the weather was very warm 
in the middle of May and then cooled rapidly (Fig. 37). Then unstable conditions 
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Table 5. Monthly average turbulent bulk transfer coefficients and flux quantities for the autumn 
1972 and spring 1974. The mean transfer coefficients and fluxes have been calculated from the 
hourly results based on observations of the 4.5 m observation level. The average (effective) 
Monin-Obukhov length, L, has been derived on the basis of the average bulk transfer coefficients. 
Using the Monin-Obulcbov length, transfer coefficients have been calculated for the 2 and 10 m 
levels. n =number of observation days. 
y 	mo CD4.5 
10-3  
CHE4.5 CD4 5 
10 -3 	10 	3 
CHE4.5 
10 	3 
L 
m 
CD2 
10 	3 
CHE2 
lo-3  
CD10 
10-3  
CHEl0 
10-3  
H 
WVm-2  
LE 
Nm-2 
r H\ 	n 
`LL/I 
1972 09 1.42 1.48 	1.59 1.76 -I3.8 1.80 1.95 1.46 1.64 23.7 66.4 0.37 	30 
1972 10 1.42 1.48 	1.57 1.73 -16.1 1.78 1.93 1.44 1.61 16.1 36.3 0.47 	3 1 
1974 05 1.40 1.46 	1.63 1.82 -10.2 1.83 2.00 1.50 1.69 16.1 57.7 0.24 	14 
1974 06 1.42 1.48 	1.36 1.46 150 1.65 1.73 1.19 1.22 -1.0 46.6 -0.01 	26 
0 
CD2 
0 
CHE2 
0 
CD10 
0 
CHG10 
3 
10 10 	3 10 	3 10 	3 
1 .66 	1.74 	1.23 	1.28 
often prevailed as can be seen also from the mean bulk transfer coefficients for May 
in Table 5 and from the sensible heat flux directed away from the water column up 
to the beginning of June (Fig. 24). The evaporation during May-June was, on the 
average, of the same magnitude as during the autumn period, but with less variation. 
According to the long-period results obtained at Finngrundet by Hela (1951) 
there is on the average no evaporation taking place on the open sea during May-June. 
In Hankimo's (1964) results of 1961 at Finingrundet the reported evaporation was 
also very small. When comparing those with the results obtained for 1974, in addition 
to weather and stability conditions, the location of the research area with respect 
to the coast should be kept in mind. The water surface of a shallow, semi-enclosed 
bay warms up considerably faster than the surface of the open sea. This fact, together 
with the coastal land-sea interaction, which, e.g., may lead to significant diurnal 
and directional variations of processes affecting energy exchange and air-sea interact-
ion (cf. chapter 3), creates a situation similar to that in lakes where intensive evap-
oration takes place already in early summer (Virta 1971, Elomaa 1977). 
The condensation of -water vapour has appeared very seldom in this study. This 
is natural over the sea, because the variations in the water surface temperature are 
slow, and the rapid cooling of the sea surface, necessary for condensation, seldom 
occurs. The condensation over the sea is therefore generally combined with advective 
processes, and not diurnal processes as is the case above ground. 
5.1.4. On the representativeness of the studied periods 
Table 6 provides data on the monthly averages of air temperature as observed at 
the Loviisa mast and at the meteorological stations of Kaisaniemi in Helsinki, and 
Rankki near Kotka. They are located one on each side of Loviisa. Rankki is situated 
in the archipelago, some 12 km from the coast, on an island 1.4 km long, and can 
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Table 6. Monthly means of the air temperature at Helsinlci-IZaisaniemi (60010'N, 24°57'E), 
Rankki (60°22'N, 26°5S'E), and at the Loviisa sea mast. Kaisaniemi's and Rankki's results 
and long-period averages with standard deviations of 1931-1960 as obtained by the Finnish 
Meteorological Institute (1973, 1975) and by Kolkki (1966). 
September October May June July 
Station m m 	SD m m SD m m SD in m SD m ni SD 
1931- 	1931- 1931- 1931- 1931- 1931- 1931- 1931- 1931- 1931- 
y 1972 1960 	1960 1972 1960 1960 1974 1960 1960 1974 1960 1960 1974 1960 1960 
Helsinki, K. 11.1 11.7 	1.65 5.6 6.1 1.80 7.6 9.3 1.47 14.7 14.5 1.56 16.2 17,8 1,28 
Rankki 11.2 11.8 	- 5,9 6,2 - 6.8 7.6 - 14.0 13.1 - 16.5 17.4 - 
Loviisa Mast 11.0 - 	- 5.5 - - 8.11 - - 14.5 - - 16.4 - - 
x average of 17. -31. May 1974 
be regarded primarily as a maritime station. The meteorological station of Kaisa-
niemi, in IHelsinki, is in the centre of the city. 
It can be seen from the table that the temperatures observed in Loviisa are in 
good accord with the values obtained from Helsizrlci and Rankki (excluded May 1974, 
during which the Loviisa data covered only 14 clays at the end of May). A comparison 
shows that the mean temperatures in September 1972 were somewhat smaller than 
the long-period averages for both Helsinki and Rankki, the difference being, however, 
less than half of the standard deviation (observed in Helsinki during 1931-1960). 
October 1972 was also slightly cooler than normal and, according to statistics from 
Helsinki, the difference was about one third of the standard deviation observed during 
1931-1960. According to observations made in Helsinki, both May and July 1974 
were cooler than the average, the difference being -1.7 and -1.6 degrees, which 
was somewhat greater than the long-period standard deviation, but at the maritime 
station in Rankki the differences were -0.8 and -0.9 degrees. June 1974 was warmer 
than average by only 0.2 °C in Helsinki, and by 0.9 °C in Rankki. So, the temperature 
during the studied periods seems to have been around normal, except for a somewhat 
cool May and July. 
The mean values of the scalar wind speed for the studied periods during the autumn 
of 1972 (Finnish Meteorological Institute, 1973, 1975) were in Rankki about 6 % 
smaller than the monthly long-period averages (Heino 1978). During the summer 
period of 1974 the mean wind speed was 7-17 % higher than long-period averages 
for the corresponding months (being, e.g., 4.1 ms-1, in July 1974, instead of the 
average 3.5 ms-i, in Rankki). 
On the basis of the sea surface temperature observations by the Institute of Marine 
Research, Helsinki (unpublished data), it may be deduced that the average monthly 
sea surface temperature at Harmaja (60°06'N, 24°59'E) on the Gulf of Finland was 
somewhat higher in September, May, June and July, and in October lower than the 
long-period averages of 1941-1966. However, all the deviations were significantly 
smaller than the standard deviations of the long-period averages. 
Summarizing the comparison it can be said that exept for a somewhat cool and 
windy May and July the average climatological and sea surface temperature con-
ditions may be regarded as rather usual. 
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5.1.5. Long-period formulae of the evaporation and sensible heat flux 
The bulk parametrization of the constant flux layer based on the similarity theory 
offers an interesting point of view, when one compares bulk transfer formulae (4) 
and (5) with the conventional empirical equations for the sensible heat and evapora-
tion. They are parametrized as averages of long-period data, covering e.g. a month or 
even up to a year. In those investigations, e.g., the evaporation has been determined 
by evaporation pans, heat balance, water balance or some such technique, and the 
sensible heat has been calculated on the basis of the concept of the Bowen ratio, 
or sometimes vice versa. 
The statistical Dalton-type formula can be given in the form (e.g., in min day-1) 
E = kZ (a + b u) (es - ez ) 	 (17) 
where the humidity quantitites are expressed in terms of vapour pressure and a and b 
are constants. In many empirical results, especially in older ones, the constant a 
(which can be considered a statistical calibration constant without any strong phys-
ical relevance) is close to zero and the formulae reduce to 
E = kz(es - ez ) uz 	 (18) 
In engineering literature, the terms such as k,it, and ka(u + buz ) are frequently 
referred to wind functions. 
Applying the relationship between the water vapour pressure and specific humidity, 
the bulk transfer formula (5) can be transformed to the form (18) above, and a coef-
ficient kz corresponding to a bulk transfer coefficient C HEZ can be calculated. This 
has been done for the coefficients C,,, and C° E , from Table 5 (using the mean den-
sities e corresponding to the prevailing temperature conditions and assuming p ~ 1013 
nib). The Dalton-type coefficients obtained are presented in Table 7. 
As can be seen from the table, the neutral values of k° are of the same order of 
magnitude as many reported Dalton-type coefficients. Together with the variation 
(about 40 % increase in the smallest kro ) clue to the stability, the range of kz covers 
many of the numerous evaporation coefficients given for moderate wind speeds in 
the literature (cf. Harbeck 1958, WMIO 1966) and determined by various methods. 
Table 7. Average bulk transfer coefficients for evaporation from Table 5 transformed into 
aerodynamic Dalton-type coefficients kZ (with dimensions mm • day '/mb : ms') of eq. (18). 
0 	0 
y mo k2 k10  
1972 09 0.113 0.084 0.127 0.107 30 
1972 	10 0.128 	0.107 	31 
1974 05 	 0.132 0.111 14 
1974 06 0.111 0.079 26 
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In a corresponding (theoretical) example (Laiuiiainen and Mällcki 1979), k ro increased 
by over 30 %, when the conditions varied from stable to unstable, which was clue 
to a temperature difference +1 and —1 °C between air and sea, when the wind speed 
was 4 ms-1 and the neutral bulk transfer coefficient was about the same as above. 
In the light of the above examples and previous considerations in this chapter 
(in spite of some inaccuracies in the application of the similarity theory discussed in 
more detail in 5.3), it can be understood that empirical formulae, which are based 
on averages of long-period data, always include, more or less, the average effect of 
stability according to climatological and local properties characteristic of a certain 
period and locality. In addition to aspects concerning local properties under neutral 
conditions the above fact should be considered when constructing, comparing, or 
adopting the statistical-type formulae. 
In addition, the increased need for stability correction seems to be one of the main 
reasons why experimental formulae, adopted from the literature, do not give satis-
factory results for latent and sensible heat fluxes of cooling pond studies, although 
they may be in good agreement with the data of natural water bodies (Ryan et al. 
1974, Stolzenbach 1976). 
5.1.6. Bulk transfer coefficients estimated using the relationship between the parameter 
and the bulk-Richardson number 
The stability of the layer close to the surface may, in addition to the Monin-Obukhov 
length, also be described by the gradient- or bulk-Richardson number. Of these, it 
is usually easiest to determine the dimensionless bulk-Richardson number using 
data from the surface and some measuring level 
g z (0z — Bs ) 
Rbz — 	 (19) 	(A45) 
2 
T0 uZ 
Since the flux of water vapour has an effect on buoyancy and stability, many authors 
have pointed out the importance of taking it into account, especially when obser-
vations are made above the water surface. The "virtual" bulk-Richardson number 
which includes the correction for moisture is 
gz  
Rbuz — 	 f(° — OS ) + 0.61 T0(gz — qs) I
l 
(20) (A46) 
TD uz 2 	 J 
Since the implicit solution of flux quantities (shown on p. 43) is, as a subroutine 
and at least without a computer, a slow and tedious procedure, it is often a help if 
~ and the transfer coefficients are directly related to quantities calculable by aero-
dynamic observations. 
Fig. 26 shows a plot of the parameter , obtained from the iteration procedure, 
as a function of the calculated parameters Rb ,,,s and RbV4 5 corresponding to a large 
number of measurement situations. A functional dependence between the Ric-
hardson numbers and the parameter is apparent. The plots as a function of Rb,,.4.5 
----- 	eq. (A 49) for 10 m ~~~• 
— eq.(A47)for10m 
— — eq. (A 47) for 2m . 	4/", 
1.0  
0.2 	-0.15 -0.1 	-0.05 0.05 	0.1 
/: -1.0 
1 f /.• 
• r. !/L 
Fig. 26. Dependence of the parameter 	on the bulk-Richardson number R (denoting the 
parameter Rbv` or Rbz ). The parameter Cq 5 ,obtained from the iteration, is plotted'as a function 
of Ro4.5 (+) and Rbv4.5 (•). Functional relationship according to eq. (A47) constructed for a 
10 m observation level ( 	) and for a 2 m observation level (— —). Functional dependence 
(A49) for near-neutral and stable stratification for a 10 m lovel (- - - 
and RL ,I s are somewhat different from each other and the latter has some more 
scattering. These differences are due to the fact that the parameter from the dis-
cussed iteration procedure, as well as Rb „Z , includes the correction for moisture, 
which RUZ does not. However, most of the scattering in the plots is caused by the 
neglecting of the variations of the sea level in calculations of the bulk-Richardson 
numbers. 
The dependence shown by the results may be utilized by calculating the bulk-Ric-
hardson number from observations and hence the parameter can be determined. 
Universal functions can then be calculated using equations (14)—(16), and transfer 
coefficients and flux quantities determined according to (10)—(12). A graph can be 
constructed from which transfer coefficients may be read off directly. This has been 
done for the water vapour and sensible heat coefficient in Fig. 27. 
Another way to obtain a functional relation between and the bulk-Richardson 
numbers is to use the method introduced in sect. 4.2 of the Appendix. This enables 
the numerical or graphical construction of the relation of eq. (A47) by using the ap-
propriate universal functions and arbitrary values of . In Fig. 26 the dependence 
(A47) has been constructed for the measuring levels of 2 and 10 m. These graphs 
have an average trend similar to the experimental relationship above, and yield, 
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Fig. 27. Stability dependence of CHE J 5 constructed using the semi-empirical relationship of the 
plots in Fig. 26. Separate dots illustrate the effect of water level variations, of the order of +0.5 m, 
on the coefficient of the 4.5 m measurement level. 
for the unstable region, an approximately linear dependence between and RbUZ 
(being 1/L) 1.18 Rb010 and 1/L .;:5.1 Rb52 ). Using the relation between the bulk-
Richardson number and the parameter according to (A47), the graphs for the bulk 
transfer coefficients of the measurement levels 2 and 10 m as a function of the bulk-
Richardson number have been constructed in Fig. 28. The same results have been 
parametrized for routine use for the unstable region as eq. (34) on p. 75. Though 
the relation between and the bulk-Richardson number gives a practically applicable 
way to calculate bulk transfer coefficients and turbulent fluxes without an iteration 
procedure, it is suitable for a discrete system at one time only. This is because the 
relation (A47) depends on the observation height and roughness parameters (logarith-
mically, however). 
For the near-neutral and stable stratification sect. 5 of the Appendix introduces also 
simplified equations (A49)—(A50), which can be used for estimating the parameter 
, and stability dependence of the bulk transfer coefficients (as far as In zo '..' In z H9 ). 
Equations (A49) and (A50) have been applied in Figs. 26 and 28), and it may be 
seen that they fit well with the results obtained by other methods in the region 
~>-0.2, and offer a simple and practical way to calculate the parameter , bully 
transfer coefficients and turbulent fluxes in cases of near-neutral and stable stratifica-
tion. 
5.2. On bulk stability 
A bulk stability parameter, like bulk-Richardson number, in addition to being applied 
to turbulent flux calculations, offers a useful way to study air-sea interaction statis-
tics. The bulk-Richardson number is a measure of the air-sea temperature difference, 
which takes the wind conditions into account and is therefore a useful tool for statis-
tical comparison and monitoring of different environmental conditions and periods. 
Together with the study of the statistics of the frequency and magnitude of 
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Fig. 28. Stability dependence of the drag coefficient and Stanton-Dalton number for observation 
levels of 10 and 2 m as a function of the bulk-Richardson number. The graphs have been con-
structed using the results of Fig. 26 (i.e., using eq. (A47)) and universal functions of Businger-Dyer 
for the unstable, and of Webb for the stable region. The roughness parameters are z0 .-ä 1 x 10-' m 
and zH,.-~ 1.5 x lo-Q m. Crosses (x ) denote the results of simplified equation (A50). 
temperature variations, which is one of the objects of this project (but not discussed 
in detail in this paper), the air-sea temperature difference statistics and bulk stability 
statistics provide important ways to study and monitor cooling waters. They can 
give an indirect answer to the often stated question of how much the cooling water 
increases the temperature of a recipient, which is difficult to measure directly because 
of natural variations, e.g. year by year, of the water temperatures to be measured. 
5.2.1. Bulk stability distributions 
As examples, the frequency distributions of the atmospheric stability near the sea 
surface in September 1972 and June 1974 are presented in terms of the bulk-Ric-
hardson number Rb,d 5 in Fig. 29. As may be expected from the heat exchange 
calculations, the distribution in September is weighted towards the unstable region, 
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1i ig. 29. Frequency distributions of bulk stability RU;,I 5 iii September 1972 and June 1974, cal-
culated from the hourly means of stability. The symbols indicate the lower limits for the wind 
speeds accepted for each distribution. 
and also the distribution in June, which resembles a normal distribution, consists of 
a significant number of unstable conditions. The mean stability clue to the temperature 
conditions of the air and water surface alone was slightly in the stable region in June 
(cf. Fig. 4). In Fig. 29 the stability is expressed in terms of a parameter which takes 
into account the effect of humidity on density stratification and the distribution of 
June is therefore slightly weighted towards the unstable region. 
When calculating bulk stability distributions and if, for instance, they are applied 
statistically to the calculations of flux quantities of a certain period, the wind depend-
ence of stability parameters has to be kept in mind. The absolute value of such para-
meters as the bulk-Richardson number with the square of the wind speed, it', in the 
denominator, increases rapidly at small wind speeds, especially when u<1 ms—i. 
The relationship between the wind speed and bulk stability is apparent from the clistri- 
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Table 8. Monthly mean bulk stabilities of Rb73.5 when low wind speeds, it less than 0.1 or 1, 2, 
and 4 ms, are discarded. The corresponding bulk transfer coefficient estimates have been 
calculated using the relationship between the bulk-Richardson number and the parameter 5 
(sect. 5.1.6). The "correct" transfer coefficients are from Table 5. The averages of Rb,1.5 are 
the meats values of 15 minutes results. 
U > 	0:1 ns-, U, > Ins-, Uz > 2 ni," UU 	> 	4 nu-' "Correct' 
CD4.5 C1 4 5 CD4.5 	CRE4 5 CD4.5 CHE4 5 CD4.5 CLE4.5 Q1.5 CHE4. 
y 	m° n Rbr1.S 3 	~ n Rb,~1.5 n Rbid.5 n nbvJ.S -3 10- 	10 -a , 10 	10- -3 	3 10 	10- 
	
a 	3 10- 10- 10- 	10 
1972 	09 -0.107 	1.80 	2.07 	2356 -0.048 	1.66 	1.86 	2303 -0.026 	1.58 	1.74 	2091 -0.014 	1,53 	1,66 	1473 1.59 	1.76 
1972 10 -0.204 	1,93 	2.27 	2639 -0.046 	1.65 	1.85 	2354 -0.019 	1.55 	1.69 	2273 -0.008 	1.49 	1.60 1659 1.57 	1.73 
1974 05 -0.257 	- 	- 	1344 -0.038 	1.63 	1.82 	1288 -0.023 	1.57 	1.71 	1177 -0.011 	1.51 	1.62 	675 1.63 	1.82 
1974 06 -0.024 	1.57 	1.72 	2177 -0.009 	1.50 	1.60 	2122 -0.005 	1.47 	1.55 	1984 0.001 	1.40 	1.46 	1215 1.36 	1.46 
butions in Fig. 29, where the distributions narrowed considerably when the cases 
2t<4 ms-1 were discarded, whereas the overall change was little when discarding 
cases u<1 ms-1 or u<2 ms-1. The strongest effect in the averages of stability 
statistics, however, is caused by very small tivind speeds, as will be indicated below. 
The importance of wind dependence on stability parameters in estimating bulk 
transfer coefficients is illustrated in Table 8. It expresses monthly averages of the 
bulk stability parameter. When calculating the average, those cases have been left 
out for which the mean wind speed has been less than 0.1, 1, 2, and 4 ms-1, respec-
tively. The averages of the bulk stability parameters have been used in estimating 
the bulk transfer coefficients which have been compared to the "correct" transfer 
coefficients, obtained from hourly iteration results (Table 5). 
As can be seen from Table 8, the effect of very low wind speeds on bulk stability 
statistics and transfer coefficient estimates is remarkable. The best estimates have 
been obtained in September, October and May, with the wind data involving speeds 
of less than 2 or 1 ms-' discarded. In June the effect of low wind speeds is similar 
and the sign of the average of the stability parameter changes when lov wind speeds 
are discarded. The above viewpoint is, of course, of some relevance when working 
with shorter periods, e.g., with daily observations. 
5.2.2. Diurnal and directional variation of the bulk stability parameter 
The average diurnal behaviour of the bulk stability during the autumn and summer 
periods studied is presented in Fig. 30. For the above discussed reasons, all cases 
when the wind speed has been less than 1 ms-1 are discarded. 
As may be expected from the temperature difference (Fig. 4), the bulk stability 
generally has had its greatest value during the day and the evening when, on the 
other hand, the stratification clue to temperature has been decreased by the wind 
speed which is at its strongest. The stratification has statistically been somewhat 
stable only in June, but for other periods the stratification has been more or less 
unstable also in the afternoon. For all periods the most unstable stratification seems 
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Fig. 30. Mean diurnal variation of the bulk stability, Rev4,5 , in September 1972 (å), October 
1972 (H), June 1974 (0) and July 1974 (x ). The hourly means are based on results taken every 
fifteen minutes including the data when u7 5> 1 ms'. 
to occur after midnight and in the morning when the temperature difference between 
the air and the water surface is greatest and the wind speeds are lowest (cf. Elomaa 
1977). 
An example of the directional variation of the stability may be seen in Fig. 6b, 
which shows a significant variation of the air-sea temperature difference (and bulk 
stability if calculated) adjoined to a land and sea breeze situation, as was discussed 
on p. 18. 
The statistical study of the directional dependence of the bulk stability is related 
to similar problems as arose in connection with other air-sea quantities discussed on 
p. 19. The bulk stability parameter is dependent on the air-sea surface temperature 
difference and wind speed, both having e.g. often an apparent diurnal variation 
(possibly correlated with wind direction), an influence which may be difficult to remove 
without special methods. However, a simple directional classification of the bulk-
Richardson number data has yielded similar results as, but less apparent than, the 
air and sea surface temperature difference shown in Table 2. According to those 
results, variations in the bulk stability have been generally smaller under conditions 
when the wind has been from open sea directions than from land directions. For 
quantitative results further study with more data and more refined methods is 
required. 
5.2.3. Effect of moisture on the bulk stability parameter 
The flux of water vapour in the air layer close to the surface tends to increase in-
stability and Fig. 31 represents the mean diurnal bulk stability in September 1972 
and June 1974, based on the temperature difference alone, and also with the humidity 
taken into account. The results show that the effect is proportionally greatest during 
the daytime when the temperature difference is least. The effect of moisture can 
generally be calculated from the ratio (cf. chapt. 4 in the Appendix) 
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Fig. 31. Effect of moisture on the bulk stability parameter. The continuous graphs correspond 
to Fig. 30; Sept 1972 (A), June 1974 (0), calculated according to eq. (20). The separate sym-
bols express the mean bulk stability due to the air-sea temperature difference only, calculated 
according to (19). 
	
Rbi)z = 1 + 0.61 T 	q2 - qs 0 R bz 	~d 	 oz - 0s 
( d denoting here the form of that does not take the correction for moisture into 
account). As can be seen from the above equation, the relative effect of moisture is 
essentially dependent on the temperature difference, because when the temperature 
difference is very small it is mainly the moisture which determines the stability. Never-
theless, even then the effect of moisture on the absolute value of the stability is 
generally rather small. Taking an example from September 1972, when the mean 
temperature difference between the air and water surface was —2.4 °C, the saturation 
deficiency 0.0027, and To 285K, the effect of moisture was in numerical terms about 
—0.007 units of Rbv4.5 and RSVZ IRbZ was 1.19. 
As to the bulk parametrization of the turbulent fluxes, the stability dependence 
of the bulk transfer coefficients (Figs. A2 and A3) leads to the approximation that 
when the stability lies outside the near-neutral region (i.e. about IRb >0.02 or 
~I> 0.3) the correction for moisture is insignificant. 
5.3. Discussion on the concept and bulk parametrization of the constant flux layer 
When considering turbulent boundary layer problems and calculating fluxes ac-
cording to the similarity theory, the most important limitations and approximations 
made have to be borne in mind. Thus in each case several aspects and questions arise 
as to the applicability and "goochiess" of the concept of a constant flux layer as a 
basis for the bulk parametrization. Some of these have been outlined and discussed 
in what follows. 
The approximation of a constant flux layer and the similarity theory assumes the 
semi-stationarity and horizontal homogeneity of the turbulent field with constant 
vertical fluxes and no advection, which, strictly speaking, represents conditions that 
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only seldom exist over the sea, and clue to the geometrical scales involved, especially 
seldom at limited fetches over lakes, ponds, cooling areas etc. On the other hand, 
in many cases inhomogeneity and non-stationarity transform the boundary layer 
in ways which are not well known, or are completely unknown. Until now attempts 
have been made to take inhomogeneity into account only as step changes in surface 
conditions, especially in roughness conditions (cf. p. 71 and chapter 3 in Kitaigorodskii 
and Joffre 1976), but there is, as yet, no relevant, practically applicable theory for 
varying conditions. In addition, especially in the extreme regions of stability, the 
energy exchange mechanisms and universal functions are not well known, likewise 
is the case with questions concerning the interference due to radiative exchange 
processes in estimating turbulent energy exchange between air and sea. 
In spite of these problems, the concept of a constant flux layer and the subsequent 
bulk transfer parametrization has been considered and experimentally verified to be 
a good approximation for many boundary layers, because the time and length scales 
of the turbulence (especially for unstable conditions) are frequently small with respect 
to the scales of non-stationarity and inhomogeneity, as stated by the WMO Working 
Group on Atmospheric Boundary-Layer Problems (WMO 1976). This is substantially 
confirmed by, e.g., Vugts and Businger (1977), who carried out an experiment on the 
adjustment of the turbulent field to new conditions above solid but smooth 
(zo — 4 x 10-5 m) ground. The air temperature was studied when the air flowed in 
from the cold sea over the uniform ground and the temperature difference between 
the sea and ground surfaces was about 15 °C. Heat fluxes, calculated by the bulk 
method, were compared at two places situated about 170 and 400 ni downstream 
from the discontinuity region, and it was found that the difference in vertical heat 
fluxes between these two places varied from 0 to about 5 %. The model considerations 
of Weisman and Brutsaert (1973) and Weisman (1975), with a step change in the 
surface temperature and humidity, yielded results according to which the most 
noticeable changes in evaporation occured downstream between the discontinuity 
zone and the dimensionless distance x0  _ 104 to 105, ( x0=x/z0 ), giving a scale of 101  
to 102 m for the characteristic length of the adjustment of the turbulent field to new 
boundary conditions. These studies may give a rough idea of the scales of the system 
to which the concept of the constant vertical flux layer is reasonably applicable. 
For short fetches, small lakes and ponds the horizontal advection of properties 
may become so important that the theory of the constant flux layer is no longer 
applicable. But this question reduces partly to the question of the height considered, 
because the lower the level, the more rapid is the adjustment to new conditions. 
On the basis of the constant flux layer theory and, on the other hand, according 
to what has been said above about horizontal advection, it seems that corrections, 
e.g., in Dalton-type evaporation formulae, to increase the transfer coefficient for 
very small areas (as proposed by Harbeck 1962) may be substantiated by physical 
arguments. However, in the determination of such corrections many aspects and 
properties, such as the depth, shape and fetches of the water body should be taken 
into account, possibly involving the dependence of energy and mass transfer on 
wind direction. In addition, the location of the measurement points with respect to 
the wind field, as well as stability conditions, strongly affecting the adjustment of the 
turbulent boundary layer, should also be considered. 
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In the light of the foregoing discussions it may be seen that the concept of a constant 
flux layer and the similarity theory forms still at present the only generally applicable 
and theoretically acceptable basis (possibly some well calibrated "small scale systems" 
excluded) for the estimation of turbulent vertical fluxes. 
6. ON THE EFFECT OF AVERAGING DAILY INPUT DATA ON RESULTS OF 
DAILY AND MONTHLY MEAN FLUXES OF LATENT AND SENSIBLE 
HEAT 
As to the practical long-period calculation or statistics of turbulent flux quantities, 
it is important to know the effects of a possible correlation between different variab-
les, and to know whether average flux quantities can be calculated on the basis of 
averages over longer periods, e.g. daily means of observations, instead of single 
observations or one-hour averages. A comparison is presented in Fig. 32 and Table 9 
to determine the dependence of daily and monthly results for the latent heat and 
sensible heat on the averaging of daily input data. 
The monthly averages (Table 9) of both the latent and sensible heat, calculated 
from the daily means of observations are, except for one case with an error of 12 %, 
compatible with the "correct" values calculated from ono-hour averages (stability 
corrections have been taken into account in both methods). The monthly averages of the 
latent heat and the sensible heat, except in June, could thus have been calculated 
accurately enough as an average of.the mean daily fluxes which have been calculated 
directly from the averages of daily observations. 
Statistics indicate that the direction of the deviation in Table 9 is random. The 
results from June would thus consist of a 5 % underestimation of the mean latent 
Table 9. Examples of the dependence of results of monthly mean latent and sensible heat flux 
on the averaging of the daily input data. The column, in, is the monthly average of the daily 
ratios of (CEdJ.CES ) t , where ,CEd is the average daily latent heat calculated from daily averages 
of observations, and LE,, is the daily average of hourly fluxes. SD is the standard deviation of 
the ratio and n is the number of observation clays in each month. The a•na.logical markings apply 
to the sensible heat H. 
y mo 
(LEI
d 
	
) d (HAh ) d 
m 	SD m 	SD n 
1972 09 1.01 	0.04 0.97 0.33 30 
1972 10 0.98 	0.19 1.00 0.47 31 
1974 05 1.01 	0.02 0.98 0.09 14 
1974 06 0.95 	0.17 1,12 0.29 26 
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Fig. 32. Effect of averaging daily input data on daily mean (evaporation) latent and sensible 
heat results. LEd is the daily mean latent heat calculated from daily averages of input data (wind 
speed, temperatures, humidity quantities). LE,, is the daily average of hourly fluxes. The analogical 
markings apply to the sensible heat H. 
heat, and a 12 % overestimation of the mean sensible heat. Small errors are due to a 
rather regular mean diurnal course of the flux affecting quantities (Fig. 4), and the 
number of observations made within short intervals, i.e. every quarter of an hour. 
Fig. 32 represents the ratio of the daily fluxes calculated directly from the daily 
averages of observations to those calculated from the means of hourly fluxes. The 
greater scattering of the ratio of the sensible heat compared to the latent heat is 
mainly due to the fact that the air temperature, and consequently the air-surface 
temperature difference has faster and greater variations than the saturation deficit 
of water vapour. A closer analysis of the data shows that when diurnal averages of 
the observations are used instead of hourly averages in the determination of the 
daily averages of the turbulent fluxes, a (relative) error risk should be recognized when 
— the mean daily flux is "small" (cf. Fig. 32) 
— the average daily wind speed is small (less than about 2 ms-i); then (relative) 
large and fast variations are possible, and also stability effects may be noticeable 
— there are strong and rapid variations in the air temperature or humidity during 
the day (e.g. connected with variations of the wind field, cf. Fig. 6) 
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— the sensible heat flux changes direction during the day 
— the mean daily sensible heat flux is directed downwards, the stability having 
a strong decreasing effect on the bulk transfer coefficients 
— there is rain during the day, which may cause strong variations in the saturation 
deficit. 
Numerical results of this hind of comparison are, of course, dependent on aerial and 
periodic properties, and also on the observational frequency. 
7. EXAMPLES OF HEAT BALANCE CALCULATIONS 
In order to test the resulting bulk transfer coefficients, the calculation method of 
flux quantities and the calculated heat balance, and to estimate the significance 
of advection, comparisons were made between the calculated heat balance and the 
observed (by temperature profiles) change in the heat storage. 
The heat balance was calculated according to equation (1) on p. 6. The net short-
wave component QS of solar radiation was obtained directly from radiation data, 
with an accuracy of about 2 to 5 %, and the turbulent fluxes were calculated from 
hourly observations using the iteration method described above. Effective long-wave 
radiation was calculated from the experimental Brunt-expression, which yields the 
effective long-wave outgoing radiation when the sky is cloudless 
QOB = 	o- T2(a'— b'Ve ) 	 (21) 
where 
0 	= 5.68 x 10-8Wm-2K-4 	(Boltzmann constant) 
T2 	= air temperature (in K) 
a' 	= 0.42 ; b' = 0.044 mb-1/2 
e 	= water vapour pressure in air (in mb) 
The constants a' and b' are the Ångström constants which Huovila (1970) has ob-
served to give for a lake with dark water in South-Finland the smallest deviation 
from the measured long-wave radiation balance, when the sky is cloudless (a deviation 
of approximately 1 % in a 14-day average). 
For the cases in which there is a temperature difference between the air and the 
water surface, Xondratyev (1965) has suggested that the equation be corrected so 
as to take the temperature jump into account. For the effective long-wave outgoing 
radiation this leads to the expression (Kondratyev 1965) 
QOB = – 	[T(aI_  b' ~) + (Ts4 – T24 ) J 	 (22) 
which has been employed in these examples. 
5 
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The effect of cloudiness was calculated by interpolating between synoptic cloudiness 
observations from coastal stations situated on either side of the research area, at 
Kotka-Ranklci and Helsinki-Katajaluoto, and using the Möller expression recom-
mended for instance, by Laevastu (1960) and Dietrich et al. (1975) 
QB 	QOB (1 – n .c) 	 (23) 
where the constant n=0.0956 when the amount of clouds is expressed in terms of 
oktas, c=0 to 8. The form (23) does not take into account the type of clouds, and 
the results of QB may be expected to include considerable inaccuracy. By considering 
the formulae (21)—(23) the error may be estimated to be, at worst, approximately 
10 to 30 %. 
There have been no grounds for a quantitative estimation of the quantities Q4 and 
Q0 and it has not been attempted in these examples. Advection is the main component 
in these two quantities and is included in the residual between measured and cal-
culated heat balances in Figs. 34 and 36. 
The time series of the daily averages of the different heat balance components 
for the autumn 1972 period is presented in Fig. 33. A conspicuous feature is the 
strong latent and sensible heat fluxes created by a few cold (Fig. 35) and windy periods. 
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Fig. 33. Time series for daily averages of the heat energy exchange processes during 1.9.-31.10. 
1972. Qs=net short-wave solar radiation, QB=effective long-wave radiation, Q5=latent heat 
flux, Qc =sciisil)le Beat flux. (Note: Q E= —£E and Qc= —H in earlier discussions). 
C6►7 
Qn /Wm -z 
-300 
-200 	A 
-1001 ,1 Xi 	nx l; xx 	/ I LJ k 
V 	' 	 Observed change in heat storage 
Calculated with stability correction 
200 
X Calculated with neutral transfer 
coefficients 
300 
1972 
2.9. 	10.9. 	20.9. 	30.9. 	10.10. 	20.10. 	31.10. 
Fig. 34. Calculated heat balance and the observed change in the heat storage of the water column 
during 1.9.-31.10.1972. The turbulent fluxes have been calculated from the 4.5 m level observa-
tions using transfer coefficients of latent and sensible heat for both neutral and stratified cases. 
The observed daily change in the enthalpy of the water column was calculated 
from the difference in heat storage according to temperature profiles for two con-
secutive days. Integration of the heat storage was performed from the surface to the 
bottom corresponding to the mean depth conditions of the mast area. 
Fig. 34 presents the calculated and measured heat balance where an energy 
flux of 50 `Vm-2 corresponds to a 24-hour change of about 0.12 °C in the mean tern-
perature of the water column. In the calculated heat balance the turbulent fluxes, 
based on the 4.5 m -level observations, have been calculated using both neutral 
bulk transfer coefficients and coefficients corrected for stratification. As can be seen 
from the diagram, the measured and calculated heat balance show a similar trend 
around the middle of the measuring period, and interpretation is somewhat improved 
by taking stratification into account (cf. stability correction versus observation height 
sect 5.1.2). The comparability is poor at the beginning of the measuring period. The 
principal reason for this can be seen in Fig. 35, which indicates that the water tem-
perature in the deep area (t ;u8 ), in a water column more or less homogeneous at the 
start, suddenly dropped through 5-6 °C due to the influence of under-surface advec-
tion from outside of the mast area. A similar phenomenon is apparent also during 
some other parts of the observation period, such as the advection of warm water 
at the end of October (Fig. 35). 
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water temperature at a 
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To be precise, the mast observations represent only one point and the calculations 
are thus liable to "advection". Also the depth conditions at the mast area vary and 
cause inaccuracy in the estimation of the heat storage. This is why it has seemed 
necessary to integrate the heat storage down to the thermocline, when making com-
parisons between periods shorter than 24 hours, provided that the thermocline and 
its 'exact depth can be determined (avoiding, e.g., inaccuracies of possible internal 
oscillations). Fig. 36 presents the measured and calculated heat balance for 3-hour 
periods over five days at the end of May 1974. (Temperature conditions may be seen 
Fig. 36. Pleasured and calculated heat energy balance for the water column for 3-hour periods 
during 21.5.-25.5.1974. 
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air and water temperatures  
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1.6. 	1. 7. 1. 8. 	1974 temperature 	at 	9.3 	m. 
in Fig. 37.) Here an energy flux of 200 Wm-2 corresponds to a change of some 0.07 °C 
in the mean temperature of the water column over the thermocline (— 7 in) in three 
hours. With the exception of the turn of the day 21.-22.5, the agreement is fairly 
good. When appraising the results, one must keep in mind that the solar radiation 
during daytime, at that time of the year, is the most important heat balance com-
ponent, and therefore the success of comparison reduces largely to the accuracy of 
radiation and heat storage measurements. 
Summarizing the comparison, it can be said that, in spite of the potential sources 
of inaccuracy and error involved in the examples (e.g. effective long-wave radiation), 
the results may be regarded as encouraging. 
8. EFFECT OF CHANGES IN THE WATER SURFACE TEMPERATURE ON 
HEAT EXCHANGE PROCESSES, AND THE CONCEPT OF A "NET HEAT 
EXCHANGE COEFFICIENT" 
In order to investigate the surface temperature dependence of the heat energy ex-
change between the water surface and the atmosphere, a derivative is taken of the 
heat balance equation (1) giving 
a Q„ 	a 	 l 
— 	_ 
	
(QB + QE + QC) = Kn 	 (24) 
ae s 	aes  
while other mechanisms in (1) which may be affected slightly by changes in the 
water surface temperature have been neglected. The derivative, i.e. the so-called 
"net heat exchange coefficient K„”, is a function of meteorological conditions and 
properties of the surface, consisting mainly of three different processes which will 
be discussed in detail below. From the beginning, it has to be said that the heat 
exchange coefficient is, even at its best, physically only a crude approximation with a 
varying inaccuracy, but it is an important and useful tool for engineering problems 
and modelling. 
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8.1. Effect of changes in the water surface temperature on the effective long-wave 
radiation 
A water surface radiates almost as a black body and if the formulae (22) and (23) 
are adopted for Qa, and when it is reasonable to assume that slight changes in the 
water surface temperature do not significantly affect atmospheric properties at a 
reasonable measuring height, then the derivative of QB can be written as 
3 QB 	a QB 	3 QOB 
-
- - 	
(1 -n•c) = 4 u TS (1 -n•c) 	(25) 
30 S aT, 	aTs 
Linearizing this in the region O=0. .30 °C yields 
_ b QB / Wm-2 oC-1 = (4.61 + 0.05 BS /°C) (1 - n.c) 	 (26) 
with an accuracy~of +1 %. 
Fig. 39 represents the relationship (26) for different amounts of cloudiness. 
Roughly speaking, the effect of cloudiness is such that a half-covered sky decreases 
the derivative of the effective long-wave outgoing radiation by about 2 Wm-2 °C-1 
and a completely covered sky decreases it by some 4 Wm-z °C-1 
8.2. Derivatives of the fluxes of latent heat and sensible heat 
The derivatives of the latent and sensible heat fluxes are formally obtained from equa-
tions (4) and (5) (assuming CH . ~CLz=CHEZ) 
a QE 	a 	r 
— 	— 	I Cp CHEZ ( as — az ) u zl 	 (27) 
a os 	a eS 	l 	 J 
a QC 	a l 
_ 	[ p c p CHEZ (os — O z ) uz 
J 
I 	 (28) 
a 0S 	a es  
Exact calculation of these derivatives is very complicated because of the quantities 
qz and 0z involved. The vertical profiles (and also the horizontal behaviour) of these 
quantities depend on stratification and its variations, as well as on the whole structure 
of the turbulent boundary layer and the changes in it when only the water surface 
temperature, and at the same time the surface layer stability, varies. The propor-
tional effect is most intense at the near-neutral region. All this introduces new dimen-
sions and also a time-dependence to this problem. To be precise, not even the horizontal 
wind speed uz in the surface layer is independent of changes in the stability and mech-
anical turbulence in the boundary layer caused by variations of the water surface 
temperature (and by variations in saturated vapour pressure at the water surface). 
At its simplest, the model corresponds to a situation where a horizontally homogeneous 
semi-stationary turbulent boundary layer meets a temperature or humidity jump (or 
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several of them). The situation leads to formation of a so-called internal boundary 
layer (or several of them) and adjustment of a new turbulent boundary. 
Only a few model considerations of the surface temperature change are to be found 
in the literature (e.g., Taylor 1970, Panchew and Donev 1971, Weisman and Brutsaert 
1973, Weisman 1975). They have all considered the effect of a sudden jump in the 
surface temperature, or discontinuity in the humidity, on the turbulent field of the 
boundary layer downstream. 
An exact solution of the surface temperature dependence of 0 qx and it, would 
therefore, in each case, lead to the construction and solution of a many-dimensional 
time dependent model and since this is inapplicable in the practical solution of the 
problem, it is customary to make the following approximations when determining 
the net heat exchange coefficient (cf. reviews by Sweers 1976, Stolzenbach 1976 and 
Giinneberg 1976). Thus, 
a qz 
 
	
302 	 a~ z 
0 , 	^' 0 and 	 ^' 0 	 (29) 
aes 	ae s ae s 
In view of the foregoing it should be pointed out that this assumption, invariably 
presented without critique, is really just a first approximation, especially if the change 
in the surface temperature is noticeable (see, e.g., "Air modification due to a step 
change in surface temperature" by Vugts and Businger 1977). 
With these approximations, the best way to solve for the derivatives is to calculate 
the turbulent fluxes by the methods discussed in 5.1.1 and to study thereby their water 
surface temperature dependence. In applied studies and modelling this is usually 
too cumbersome. Thus, neglecting the water surface temperature derivatives of 
and cv, which are insignificant from the point of view of this consideration, the 
derivatives (27) and (28) can be written as 
aQE 	 aCHE, 	 a qs 
— 	= .0 p uz 	(9s — qz) a 	+ Cz a B 	J 	
(30) 
a Bs 	 s s 
a Q C 	 a CHEz 
= p c p u z [( 6 s — 0 ) 	 +CHEz] 	 (31) 
a os 	 aes 
The bulk transfer coefficient, which varies according to stability, has been trans-
formed in section 5.1.6 from the function C HE() to the form C HE(RbME ), where the vari-
able RbUZ (or Rba ) is directly calculable from aerodynamic observations, and thus 
the second terms inside the brackets can be calculated conveniently. 
The derivative aCHr Ja0S in the first, less important, terms inside the brackets 
can be constructed as 
aCfiEZ 
= 
aCF1rz a~ aR~ll~ 
It can be shown that the 
a0s 	a ~ 	aRbVz 	a0s 
derivative aClaOs is very non.-linear especially in the unstable region; it rapidly 
diminishes to insignificance with increasing wind speed and instability. 
The effect of the first terms on the final results of the derivatives (30) and (31) 
is opposite to the earlier approximation (29) and affects most intensively at the 
and 
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corresponding region of stratification (at the near-neutral region). In addition, most 
practical applications of the heat exchange coefficients, e.g., studies on cooling ponds 
and other thermal discharge recipients, are for unstable conditions. Thus it seems 
relevant in most cases to give up the tedious and inaccurate determination of the 
first terms inside the brackets and try to compensate this by the proper adoption 
of the coefficient C,,, in the primary terms. 
Accordingly, the derivatives of the latent and sensible heat are, finally, 
1 aQE 	 aqs 
- — 	`t P CHEz(Rbvz) 	 (32) 
uz a Bs 	 a 0S 
1 a QC 
a o 	P c p CHEZ (R b vz ) uz 	s  
(33) 
Using results from Fig. 28 (or eq. (34) and (35) for Cxrz(RbV~) and equation (36) 
for aqS/aO , the above equations have been constructed and are expressed graphically 
in Fig. 38 as a function of Rbvlo corresponding to an observation level of 10 In. 
From the graphs it can be seen that at low surface temperatures, up to about 10 °C, 
the changes in the sensible heat flux due to the changes in the water surface temperature 
are higher or of the same order of magnitude as the changes in the latent heat flux, 
whereas at higher temperatures the latter becomes dominant. This reflects, of course, 
the increase of the saturated vapour pressure from the increase of the water surface 
temperature. 
8.3. Net heat exchange coefficient 
The simplified derivatives (32) and (33) are combined in Fig. 40 as a nomogram for 
the practical determination of K,,=K„(O5 , Rbuz , uz , c) according to (24). The nomogram 
has been constructed for the observation level of 10 in and is applicable to con-
ditions when the local neutral transfer coefficient is about CHEJO=1.3 X 1O, which 
corresponds to the results of this study and is a very common result given in the 
literature (cf. sect. 4.3). The nomogram has been constructed with respect to the 
parameter RbUZ which takes the moisture effect on the stratification into account, 
but it can also be applied using the simple parameter Rbz , if it is considered that the 
moisture effect may be neglected; which is often appropriate, as will be shown in 
the following example. As can be seen from the graphs, the stability has an apparent 
effect on the net heat exchange coefficient. An example of the use of the nomogram 
for estimating the net heat exchange coefficient is given in the following. 
Example. The observed sea surface temperature is 0,=20 °C. The 2vind speed at the 
10 in measurement height is u10=5.0 ms-1, the air temperature t10=14.5 °C, the wet 
bulb temperature depression At70=2.5 °C and the cloudiness is c=4. What is the net heat 
exchange coefficient? 
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Fig. 38. Derivatives of the latent and sensible heat fluxes with respect to the water surface tem-
perature as a function of stability. The derivatives are normalized per unit Avind speed. 
The stability parameters calculated according to (19) and (20) are 
Rb/o= —0.074 	RGv70= —0.091 and 
Fig. 40 gives for — 2 ( QE, -+- a~c ) about 6.6 and 6.7 Wm-3 °C-', respectively. 
\ 5 	S 
a 
Fig. 39 gives 3.5 tiWWm -2 °C-1 for — aO B . Hence the net heat exchange coefficients are 
1 / åQ 	a Q \ 	 åQ 
f`nlOs,Rbvlo,u,c) = 	u l a B a E -I 	Q - i" JO 	B B 	37Wm-2oC-I 
\ 	s 	s / 	
a 
s 
Ko fes , Rbio , (, c) = 	 11 	 = 36.5 Wm-2 oC-1 
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Thus, in this example the moisture effect (the relative humidity was about 75 %) 
on the net heat exchange coefficient was insignificant, but in cases of large vapour 
fluxes and at the near-neutral region, about RbZ I <0.03, it may be somewhat more 
important, but for many cases the simple parameter Rbz can be used, giving, however, 
slightly too small values for K„ (the error being invariably less than 10 %). 
A 
4 
E 
c =0 
c=4 
c=8 
0 	 10 	 20 	 es/,C 30 
Fig. 39. Derivative of the effective long-wave outgoing radiation with respect to the surface 
temperature. c=ainount of clouds in oktas. 
i2 
=0 °C 
0.05 	0 	 —0.1 	 —0.2 	—0.25 
Fig. 40. Combined derivatives of latent and sensible heat fluxes with respect to the water surface 
temperature as a function of stability. ni he product is normalized per unit wind speed. The num-
hered clots are examples calculated on the basis of a net heat exchange coefficient formula by 
Swears (1976). Those examples are adjusted to the surface temperature in question and the 
numbers show the \vind speed (cf. p. 77). (On the use of Rblo instead of RU „ JO see above). 
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On the basis of Figs. 39 and 40 the net heat exchange coefficient can be estimated graphically. 
For the numerical construction/computation of the coefficient the following summarized pro-
cedure has to be followed: 
1. with the aid of observations of 05 , t10 and ac to the bulk-Richardson number Rb J0 is cal-
culated according to (19), (or RbiY0 according to (20), using humidity quantities calculated 
with the aid of At70). 
2. The bulk transfer coefficient CFIC70 is calculated (when CE  JO' 1.3 X 10—a ) 
— for the unstable case (RG7o<O) from eq. (34), which is the parametrized equation of the 
results of Fig. 28 
C HE] 0 = 1 + 1.012 R* —_ 0.491 R* hi R* + 0.286 R* (ln R*J 2 (34) co 
where R* = I Rb10 I > 0 
CHE 10 
(A simplified form 	o 	= 1~ 	1.2 R* gives the results somewhat less accurately). 
CHE10 
— for the stable case from 
= (1 — 5 Rbio)z 
C0 	
Rbio >1 0 	 (35) (A50) 
HE10 
3. The temperature derivative öqs /aBs is calculated from eq. (36), which lias been derived from 
an experimental Clausius-Clapeyron-type formula (Iribarne and Godson 1973) for saturation 
pressure of water vapour 
a qs 	a qS 	3.328 K 	— 5420.8K 
= 	= 	 exp 	 + 21.66 	(36) 
ao 	aTs 	Ts 2 	 T s s 
The derivative is graphically shown in Fig. 41. 
	
_\ a QE 	aQC 
4. The derivatives 	 + 	
I 	 \ 	aqS = p CHE70 	
£ + c p .1110  os  es  os 
are calculated using 2, £, C p, and quantities obtained above. 
5. The derivative —3Q0jå85 is calculated from (26) and the addition of this to the results 
of point 4. gives the net heat exchange coefficient K,~. 
If the heat exchange coefficient is applied to the near-neutral region or for big intervals of 
AO, the variation in K,, should be taken into account, e.g., with averaging K,, for proper steps 
according to variations in 0s and the bulk-Richardson number. In the simplest case this is clone 
by applying K,1 = K,, ((0S -1-n0S /2),(R bz +vRbz /2), il, c), ivhen calculating —AQ,,=K,,A05 
from (24). 
This procedure for the determination of the net heat exchange coefficient is ap-
plicable to the observation level of 10 ni and local conditions corresponding to the 
neutral transfer coefficient of C°1C70 — 1.3 x 10-3 frequently introduced in the 
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Fig. 41. Saturated specific 
humidity of water vapour 
g s and its temperature 
derivative as a function 
of the temperature. 
literature. For conditions where the local coefficient differs noticeably from the above 
(by some 15 % or more) a construction similar to Figs. 26 and 28 or eq. (34) and 
(35) must first be made. 
8.4. Discussion on the concept of the net heat exchange coefficient 
In addition to the theoretical and practical points presented above, some important 
questions and viewpoints arise from the application, accuracy and comparability 
of the net heat exchange coefficients. 
Firstly, the question of the applicability of the approximation of a constant flux 
layer and the subsequent bulk transfer parametrization is relevant in this context, 
and creates a potential source of error, which has been discussed earlier in sect. 5.3. 
The question arises as to how far in the highly stable or unstable region the existing 
universal functions and flux-profile relationships are valid (as discussed in sect. 
5.1.2 in the text and in sects. 2.1.2 and 2.1.4 in the Appendix), which is partly reflected 
in the discussion of the first question. On the basis of the existing universal functions, 
it seems that under extremely stable conditions turbulent fluxes are very small or 
practically zero and the situation does not significantly change due to small variations 
in the surface temperature, i.e. the net heat exchange coefficient remains small over 
a long interval of stability (cf. Fig. 40), up to the near-neutral region. On the other 
hand, under extremely unstable conditions, which may sometimes exist when hori-
zontal wind speeds are small, the situation approaches the condition of free convection 
where fluxes are principally controlled by vertical differences in temperature and 
humidity (i.e. the net heat exchange coefficient approaches asymptotically a limiting 
value). Dyer (1967) has given an experimental formula for the fluxes during free 
convection and Ryan et al. (1974) have proposed a form for the free convection, 
based on cooling pond studies. However, the above mentioned two regions of extreme 
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stratification are still at present outside the scale of the field observations considered 
as reliable and representative in the studies given in literature. 
The third important viewpoint is the question of the validity of the approximation 
in eq. (29). On the basis of the similarity theory and profile relationships, it can be 
seen that close to the surface those approximations cannot be valid, especially under 
stable conditions, hence the considered height must be "high enough". Since the 
approximation (29) also includes the derivative of the horizontal wind speed, the 
solution may still be very complicated and reduces to the problem of the structure 
and modelling of the surface boundary layer, when one parameter changes. However, 
applying equations (32) and (33) to the observation levels of 2 and 10 m when 
conditions vary from neutral to unstable, the results for the derivatives and further, 
for the net heat exchange coefficient corresponding to the same boundary layer (the 
same L, but different RbV2 and C HEZ for different heights) are from about 20 to 0 % 
larger, respectively, for the 2 m level than for the 10 in level (even though the dif-
ference in the wind speed due to height difference will be taken into account). In 
the stable region the difference may be much larger. 
Characteristic of the formulae for the net heat exchange coefficient given in the 
literature (e.g. Milanov 1973, Ryan et al. 1974, Stolzenbach 1976, Giinneberg 1976, 
Sweers 1976) is that they do not approach the problem on the basis of the turbulent 
fluxes and the similarity theory. They are invariably derived using some statistical 
type of formulae for the latent and sensible heat, obtained for a measuring level 
between some 2 to 10 m, and they almost invariably do not take a stability correction 
into account. Therefore, the problems discussed in connection with the concept 
of a net heat exchange coefficient generally concentrate on the criticism of 
various evaporation and sensible heat formulae and on the adoption of a "most 
reliable" wind function of the parametrized formulae, of which there have been 
published numerous forms in the literature during the last few decades. Their prop-
erties have been considered in sect. 5.1.5. Some of the suggested formulae are based 
on data from water bodies under natural conditions, whereas others (cf. reviews by 
Stolzenbach 1976 and Sweers 1976) are based on data from artificially heated areas 
including therefore, probably emphasized, implicit stability effects, depending on 
the conditions prevailing during the measuring periods. 
In Fig. 40 have been added for comparison some results obtained using the net 
heat exchange coefficient formula which is considered by Sweers (1976) to be the 
best one. The fornsula recommended by him is based on the parametrized evaporation 
equation of McMillan (1973; see Sweers 1976) from the data of Lake Trawsfynydd, 
which receives a heavy thermal load of 190 Wm 2 . ( For comparison Sweers' results 
have been transformed to the form considered here by subtracting the portion of 
the long-weave radiation and dividing by the wind speed.) The numbered points in 
Fig. 40 indicate Sweers' results adjusted to the surface temperature in question and 
the numbers themselves show the wind speed at which Sweers' results are equal 
to those obtained in this work. The order of magnitude of the results is compatible, 
and Sweers' results at low wind speeds (<3 ms-1) fall in the highly unstable region, 
I
Rbvlo l N  0.1, and at higher wind speeds in the near-neutral region. Qualitatively 
speaking, the above results are understandable, because McMillan's parametrized 
formulae are based on the data obtained from an artificially heated area, including 
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implicitly the effect of stratification, which is most pronounced at low wind speeds. 
McMillans's formulae are of the form (17) and do not explicitly take the effect of 
stratification into account. 
The formula for the net heat exchange coefficient introduced by Ryan and Harlemnan 
(1973) and Ryan et al. (1974) takes stratification into account. Their formula has 
been constructed by combining additively a free convection form, based on laboratory 
experiments, with a formula for the forced convection, i.e., a statistical-type wind 
function. Their equation, which gives significantly higher results than those discussed 
above, has been confirmed by some cooling pond data, but verification from more 
general and extensive field studies is lacking (Sweers 1976). 
In the light of the surface boundary layer theory and the discussed viewpoints 
and results, it seems that the method of studying the concept of a net heat exchange 
coefficient on the basis of the similarity theory is supported by arguments which are 
physically better than most other approaches to the subject given in the literature 
(well calibrated case-studies, excluded). However, it is only a first approximation, 
since further knowledge about the whole structure, adjustment, and modelling of 
the surface boundary layer is necessary also in this context. 
9. CONCLUDING REMARKS 
An attempt has been made in this study to consider the energy exchange processes 
and phenomena occurring between the air and the water surface, in order to under-
stand and parametrize local air-sea interaction and turbulent fluxes tinder varying 
conditions. 
A review and discussion on the turbulent flux-profile relationships and surface 
layer stability parameters have been given in the Appendix, on the basis of which 
the energy exchange between the air and the sea surface has been studied from 
micrometeorological and oceanographic observations made by an automatic sea 
mast located in a semi-enclosed sea embayment. Problems connected with vertical 
profile data were considered. Applying the so-called universal functions, effects 
of the density stratification on turbulent bulk transfer coefficients and flux results 
were studied, as well as different methods for calculating them. The observed and 
calculated heat balance was compared in a couple of illustrative examples, and the 
local air-sea interaction statistics wore considered. On the basis of the bulk para-
metrization of the similarity theory, a form for the net heat exchange coefficient was 
proposed. The most essential results and conclusions were as follows. 
Studies of vertical profiles of the mean wind speed, humidity and temperature 
are subjected to several potential inaccuracies and error sources (sects. 4.1.2 and 
4.1.3), some of which are of methodological and some of theoretical origin, and the 
effects of which on final results may often be difficult to estimate. Many of these error 
sources may affect also other methods of studying turbulent transfer than profile 
methods. In the light of this, together with discrepancies in the present theories, 
e.g., on the role of wind waves in turbulent transfer, it remains an open question 
as to which part of the scattering and deviations of the roughness parameters and 
bulk transfer coefficient results, obtained by different studies, is due to local charac- 
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teristics and which to a methodological approach. From the wind profile investigations 
of this study the neutral drag coefficient of 103C%70=1.2  to 1.3 with a scatter of 
about 20 percent was obtained. The humidity profiles yielded an average Stanton 
number which was practically the same as the drag coefficient. Both results were 
observed to be rather sensitive to fitting errors caused by internal stability (i.e. 
"near-neutral" cases) in the "neutral" profile data. 
Stability corrections, especially for wind profiles and drag coefficients, calculated 
according to some of the most well-Iuiown universal function formulae, do not differ 
significantly from each other (Fig. Al). According to the tested examples (sect. 5.1.2), 
the adopted universal functions, especially for the unstable region (by Businger and 
Dyer), were found to describe both wind, temperature and humidity profiles so that 
the calculated fluxes fit rather well with the constant flux layer similarity theory. 
An indirect method to calculate the Monin-Obukhov parameter and bulk transfer 
coefficients using a bulk stability parameter without an iteration procedure has been 
presented (sect. 5.1.6, and 4.2. in the Appendix). In many cases it reduces to a very 
simple form for the near-neutral and stable stratification (sect. 5 in the Appendix). 
Especially in short-period studies the magnitude of the stability correction to bulk 
transfer coefficients may be significant (Tables 3 and 4). However, when considering 
quantitative effects, the observation level has to be kept in mind, because the stability 
effects on profiles increase with height. Therefore, the higher the observation level 
the more the neutral bulk transfer coefficients and fluxes have to be corrected in 
each case. 
The concept of a net heat exchange coefficient was considered on the basis of the 
bulk parametrization of the similarity theory (chapt. 8). The net heat exchange coef-
ficient is a measure of a change in the energy exchange between the air and the sea 
surface when only the sea surface temperature changes, and it is a useful tool in 
modelling and in cooling water studies. Using the universal functions and the rough-
ness parameter results, a net heat exchange coefficient form for varying temperature 
and meteorological conditions was constructed. It differs in principle from those 
given earlier in the literature. 
The coastal situation was found to create special characteristics in the physical 
processes and air-sea interaction in the research area. It affects, e.g., wind con-
ditions, turbulent fluxes, air-sea temperature differences, humidity and surface 
layer stability. It modifies their seasonal and diurnal behaviour and causes also 
directional variations in air-sea interaction. Besides the energy exchange studies, 
especially the water temperature variation and air-sea interaction statistics, which 
are important tools for environmental monitoring of the research area, are objects 
of fduther studies in this project. 
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1. THEORETICAL EQUATIONS FOR TURBULENT FLUX-PROFILE 
RELATIONSHIPS 
1.1. Basic transfer equations and profile gradients 
The average turbulent horizontal shearing stress (or in other words vertical flux of 
momentum) and vertical fluxes of sensible heat and water vapour may be expressed 
by the following equations 
åu  
T=- pu'w' 	pKm az 	
(Al) 
ae 
H = p c p B' w' = - pc p K H az 	 (A2) 
a~ 
E = p 9' w' 	- p KE å z 	 (A3) 
where u' and w' are the horizontal and vertical turbulent components of wind speed, 
respectively, and 0' and q' reflect the turbulent fluctuations in potential temperature 
and specific humidity (potential temperature does not differ significantly from the 
observed "ordinary" temperature within the surface layer). Q is the mean density 
of air and cp is the specific heat of air under constant pressure. The coefficients 
K,,,' H and I~, are the turbulent exchange coefficients, i.e. eddy diffusion coefficients 
for the momentum, sensible heat and water vapour, and öulan, a0laz and aglaz are the 
vertical gradients of mean wind speed, potential temperature and specific humidity 
(the bars denoting average quantities have been left out in the following). The coef-
ficients may be thought to include molecular diffusion, the effect of which is negligible 
compared to turbulent diffusion, except at the surface. 
In order to calculate flux quantities in the presented form, the values of the transfer 
coefficients have to be determined for each set of conditions and the vertical gradients 
measured. This procedure requires prior knowledge of the eddy diffusion coefficients 
or their determination by, for instance, direct eddy correlation or dissipation (variance 
budget) methods, and is, therefore, not often possible. Another way is to study the 
profiles of properties and to determine flux quantities on the basis of the so-called 
universal similarity theory, which is applied to the bulk transfer formulae using simple 
aerodynamic observations. 
This appendix deals primarily with the theory and application of the turbulent 
flux-profile relationships in the so-called "constant flux layer". A description of the 
structure of the whole atmospheric boundary layer can be found in, e.g., the coin-
pendium by Kitaigorodskii and Joffre (1976). 
In a horizontally homogeneous planetary boundary layer there is a layer close to 
the interface (of the order of some ton metres), where, wider quasi-stationary con-
ditions, the average vertical turbulent flux quantities may be regarded as constant 
(the so-called constant flux layer). According to the constant flux layer similarity 
theory, originally introduced by Monin and Obukihov (1954) and later elaborated and 
developed by, e.g., Lumley and Panofsky (1964) and Monin and Yaglom (1971), the 
dimensionless profile gradients of the mean wind speed, temperature and humidity 
may be formulated as 
6 
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Om ~zIL) — k z 	a u  
* (A4)aZ 
OH~zIL) = 	z 	a 0 
0* 	3z 	 (AS) 
~E(z/LJ = ? 	å q 	 (A6) 
9* 
In equations (A4)—(A6) the parameters with an asterisk are "scaling parameters" 
characteristic of the profile relationships 
T 
u* = 	— 	 frictian velocity 
P 
(A7) 
—H 
0* = 	 scaling temperature . 	 (A8) 
pcku* 
E 
q* = 	 u+ 	scaling humidity p k 	 (A9) 
(The notation follows the list of symbols given on p. 104) 
According to equations (A4)—(A9) and (A1)—(A3) the turbulent eddy diffusion 
coefficients are 
KM = 
 ku* z K = ku*z 	KE = ku*z F/ —  
OH OE 
1.2. Neutral stratification 
For conditions when there is no stratification of density due to temperature (and water 
vapour), the stability parameter is assigned the value z/L—O, causing the 
universal function for the wind velocity to approach the limit 0,11(0) —1. Analogously, 
the universal functions for passive admixtures depend, in neutral cases, only on the 
ratio of the eddy diffusivity for a passive admixture to that for momentum (Monin 
and Yaglom 1971). In other words, the limits in neutral cases are 
OFF (OJ = 
 
K1 	K0 I 
	and 0E(0) = 	1 , where aH = Hand ct  . = 	E 
p 0 	 0 	 0 
c H c E K M KM 
To date the equality of the eddy diffusion coefficients K~, Ky IKL has been 
generally accepted for neutral cases, giving a value of 1 for the left hand side of 
equations (A5) and (A6). Dming recent years results have been obtained (see, e.g., 
m 
Yaglom 1974, Businger et al. 1971) according to which the eddy diffusivities ICH 
and K are somewrhat greater than K. f , the ratio being of the order of 	1.15. 
Further verification is required, however, as there are still differences in results and in 
opinion among specialists on the subject. It is, for instance, Hicks' (1976a) contention 
that under neutral conditions I~° .-~ Ity , ICE and, therefore aH .-_ a0, 1. The final 
solution of this question requires extremely sophisticated instrumentation. 
When studying profile gradients (A4)—(A6), integrating profiles, and determining 
integration constants, it should be noted that profile relationships are physically 
valid for turbulent layers which are sufficiently distant from the air-surface interface 
(z >> zo , z zH , z >> zq ) regardless of whether the water surface is aerodynamically 
smooth or rough. On the other hand, there is very close to the interface a "viscous 
sublayer" (e.g. Kitaigorodskii 1973) where the mechanisms depend also on molecular 
effects (molecular kinematic viscosity, molecular heat conductivity, molecular water 
vapour diffusivity in air) in addition to the surface roughness. 
According to the foregoing the integration of the profile gradient (A4), for instance, 
yields for the velocity profile (u* does not depend on the height) 
u z 	 a 
u 
	
d u = * f d z 	 zo < z< ALI 
/c 	 z 
us 	z0 
U — u s = u* In z 	 (A 10) 
k 
where z0 is a so-called roughness parameter, originating from the Prancltl-Kårmån 
boundary layer theory. In many cases the surface velocity (drift current) is insigni-
ficant (u3 — 0) compared to the much greater wind speed. 
Analogously, the temperature and specific humidity profile gradients may be 
integrated to yield (e.g. Sheppard, Tribble and Garrat 1972, Hicks 1975) 
B z — os = 	1 	0* In Zz- 	 z H < z << l LI 	 (All) 
H 
1 	z 9z — 9s = a0 4* ln iq 	 zp << z << IL I 	 (A 1 2) 
where the roughness parameters zH and zq correspond to the conventional roughness 
parameter z0 . At the heights zK and zq the extrapolated logarithmic profiles for tem-
perature and humidity attain the surface temperature 9S and a value of qs correspond-
ing to the saturation specific humidity at the surface temperature. According to 
the arguments above, the eddy diffusivity ratios are generally assumed to be 
4 ao =1. In some cases it is appropriate to extrapolate also the temperature and 
humidity profiles to the level z0. 
The most common goal of experimental profile studies is the determination of the 
roughness or scaling parameters (they are constants for each profile, the measurement 
heights being known), and further the turbulent transfer coefficients, using the profiles 
from neutral, or rather "near-neutral", conditions. 
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1.3. Roughness parameters 
It is noteworthy that the roughness parameters zo, ZH and zq do not necessarily 
correspond to any specific physical quantity, but are parameters characteristic of 
turbulent profiles, proportional to the roughness conditions and molecular mechanisms 
at the interface, as well as dependent on the nature of the turbulence (zo — att*ly 
theory by Charnoclk 1955, roughness Reynolds (R,,=u zo/v)-theory by 
Kitaigorodskii 1973). At large fetches and under otherwise compatible external 
circumstances the changes in z0 can be seen as a measure of specific surface properties. 
As there are still only a limited number of observations dealing with the vertical 
distribution of temperature and humidity, it has been assumed in many investigations 
that the transport mechanisms of momentum, heat and humidity are analogical, 
and zo — zH — zq , (it follows that 05 N  Bo , qS — qo ). 
According to Kitaigorodskii (1973) this may apply when the surface is aerodynam-
ically smooth (R.<Re5-critical). On the other hand, the situation for 
aerodynamically rough surfaces, and also above the sea surface, is more complex 
and difficult to define (Kontio 1975). In this case the transfer of momentum close to 
the surface may be acted on by a "form drag" related to features of fluctuating 
roughness elements, in addition to "skin friction" due to microscale (capillary waves) 
and molecular effects. In several publications it has been assumed, as a first approx-
imation, that the Reynolds equality holds at the sea surface (for example Kraus 
1972), which is also a condition for the simplest, generally employed bulk formulae 
for flux quantities under neutral conditions. This leads to the final result for turbulent 
bulk transfer coefficients CD ~C1-1 	E , of equations (A40)—(A42), which has 
been confirmed within reasonable limits of ace-oxacy by numerous results. On the 
other hand, on the basis of theoretical considerations Brutsaert (1975), e.g., points 
out that the assumption of the equality of the roughness parameters may introduce 
marked errors in profile data analysis, because the scalar roughness lengths z H and 
2,1 are often considerably smaller than zo under rough flow conditions, whereas they 
are somewhat larger than zo under smooth flow conditions. This observation is qual-
itatively similar to the results of Garrat and Hicks (1973) and laboratory results from 
11Ierlivat and Coantic (1975) and 117erlivat (1978); but results obtained by Sheppard, 
Tribble and Garrat (1972) showed that the bulk transfer coefficients for sensible heat 
and water vapour are not distinguishably different from the drag coefficient in the 
observed roughness Reynolds range, u*z0/v < 102, the upper limit corresponding 
to high winds at sea, productive of both relatively high u and zo values. However, 
from the point of view of the bulk-parametrizing of flux quantities, it has to be 
remembered that the logarithms of roughness parameters are involved. 
It is interesting to consider the roughness parameter zq in terms of old theories of water vapour 
transfer by Sverdrup (1937), Montgomery (1940), and Sheppard (1958) (see e.g. Deacon and 
Webb 1960). For the diffusion in an aerodynamically rough current field Sheppard assumed 
molecular diffusivity (D) and eddy diffusivity to be additive from the very surface upward. 
Thus, for the neutral case the eddy diffusion coefficient of (A3) becomes 
K E. D + ku z 
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Hence molecular diffusivity is the determining factor close to the surface and the influence of 
eddy diffusivity increases with increasing height. By substituting 1E into equation (A3) and 
integrating from the surface to the measuring level an equation similar to (Al2) is obtained, 
whence 
z 	D 
9 
	
	 (A13) 
k u*  
This has been introduced by Hicks (1975), who also studied its applicability to observations. 
According to the theories by Montgomery and Sverdrup there is a molecular sublayer very 
close to the surface the thickness of which is 8 (=Av/u4 and diffusivity D. Above this layer 
the following equations are valid 
K E = D + k u* 
z 	Montgomery 
K E 	k u (z + z0 ) 	Sverdrup 
On the basis of these theories relationships can be derived for z (when z>zo) 
—k\v/D 
zq - 	D 	e 	 Montgomery 	 (A14) 
ku* 
zQ N 	
/I 
/ * 	\ 	kav/D 
I\ u 	+ z~ 	e Sverdrup 	 (A15) 
where v=kinematic viscosity, D=molecular diffusivity of water vapour in the air, and %=a 
constant (see Deacon and Webb 1960). Analogical equations may be constructed for the tem-
pera.tnre profile by substituting the molecular diffusivity of heat x for the diffusivity D. Through 
diffusivities and viscosity, all three theories take into account the effect of the surface temperature 
on the roughness (and transfer) parameters, but the effect through the logarithms of roughness 
parameters is, however, rather small. 
In the foregoing treatment of profile relationships it has mainly been assumed that 
the water surface is an interface corresponding analogically to a solid surface. During 
the last few years there has been a surge of interest in the interaction of the turbulent 
energy exchange between the wave field and the atmosphere (e.g., Kitaigorodskii 
1973, Kitaigorodskii et al. 1973, Kitaigorodskii and Zaslayskii 1974, Baines 1974, 
Stewart 1974, Rondo 1975, Phillips 1977, Melville 1977). As a result of these, primarily 
theoretical investigations, interesting results have been obtained, especially of the 
air-sea energy exchange during wave development and wave decay. So far these 
considerations have yielded new information mainly for special cases, and not so 
much for average conditions, and they have made more evident the local factors 
involved in the wave action and roughness conditions (cf. p. 40). 
3~ 
2. EFFECT OF DENSITY STRATIFICATION ON TURBULENT FLUY-
PROFILE RELATIONSHIPS 
The density stratification, i.e. the stability effect due mainly to temperature but 
also to water vapour, has an influence on the nature of turbulence and thus on vertical 
flux quantities. Stable stratification diminishes turbulence and decreases flux quan-
tities. Under unstable conditions buoyancy reinforces the turbulent vertical fluxes. 
Monin and Obukhov (1954), as well as Monin and Yaglom (1971), have considered 
theoretically the effect of stratification on profile relationships. According to them, 
the Monin-Obukhov parameter L (cf. sect. 4.1) defines the thickness of a layer where 
stratification does not essentially affect the nature of turbulence, called the height 
of the dynamic sublayer (or rather; c•L is the thickness of a layer where the effect 
of density stratification may be neglected, c is a constant of the order of 10-2). As 
the surface is approached, the effect of stability vanishes and the dynamic effect 
of the surface on the current field is expressible in all cases in terms of the roughness 
parameter zo , (zH , Zq ) (Monin and Yaglom 1971). 
As mentioned above, the so-called universal functions are used to express the effect 
of stratification on profile relationships. In the neutral case the nature of the tur-
bulence is determined by local factors. On the other hand, the effect of stability on 
profile relationships niay be thought of as universally analogical and according to some 
authors this question is "almost resolved" (Kitaigorodskii 1976b). The general nature 
of turbulent profiles in different regions of stability has been discussed in works by 
Lumley and Panofsky (1964), Monin and Yaglom (1971), and Kitaigorodskii (1973). 
In summary, it can be said that 
— in the neutral case turbulent profiles are logarithmic 
— in the near-neutral region profiles can be approximated by a log-linear form 
(sect. 2.1.1) 
— in highly stable cases profiles are log-linear close to the surface and become 
linear with increasing height or extreme stability (2.1.2) 
— in highly unstable cases profiles change asymptotically with increasing 
height towards a constant value (2.1.3). 
Under extremely unstable or especially stable conditions the structure of the 
atmospheric surface layer is not well known, and the flux constancy is perhaps not 
valid under some extremely stable conditions (Kondo et al. 1978). 
Up to now the profile relationships and universal functions for wind velocity have 
been those most investigated. From the point of view of the temperature, and es-
pecially humidity, the problem is more difficult. According to some sources there is a 
prevailing equality between the universal functions 0,,r , 0x and L , but the conten-
tion of most authors, at the present time, is that stratification acts differently on 
the eddy mechanisms of momentum and sensible heat, so that c f ~~H (i.e. KH Krf ) 
but OH --~,L . On the other hand, results have been obtained which deviate from the 
previous ones; e.g. Högström (1974) obtained a ratio 0E(0)/0II (0)=KH/KE-1.35 
for the neutral case. Nevertheless, the relationship between the functions OH and OE 
is well characterized by Monin and Yaglom (1971): "Therefore, as long as we do 
m 
not know of any other physical exchange mechanism, that would affect heat and 
humidity transfer in different ways, there is no reason to reject the assumption 
that K H=KE', and consequently ¢=q. According to most experiments this 
statement is, more or less, still accepted as valid at the present time. 
2.1. Universal functions and turbulent profiles under stratified conditions 
During the past twenty years or so efforts have been made to establish the behaviour 
of universal functions for the purpose of practical work with profile relationships. 
The universal functions should fulfill the conditions 
lim 0M(z/L) = I , 	lim ~H (zIL) = 1 and 	lim cE(z/L) = 1 
aH aE 
z/L 	0 	z/L -> 0 	 z/L --'- 0 
In addition, it is assumed that the functions are continuous and differentiable in the 
defined region. On the other hand, the functional form is usually different for the 
stable and unstable regions, as stated above in connection with the asymptotic 
nature of the profiles. Universal functions are most commonly defined using the 
Monin-Obukhov parameter, eq. (A43). 
With the aid of universal functions the turbulent profiles can be determined under 
stratified conditions so that, e.g., the wind profile gradient (A4) yields 
uz 	2 
u 	 OM(z/L) 
	
I d u = : f 	 d z k 	 z 
us 	z0 
(A 16) 
Since the universal functions 0, ¢H and 0L are functions of the dimensionless stability 
parameter 
z/L = (" 
a transformation of variables is usually performed on the right hand side of the equa-
tion (AIG) in order to obtain dimensionless and compatible results. Thus the in-
tegral takes the form (see Monin and Yaglom 1971) 
z OM(zlL) 	z /fL OM(z/L)  I 	dz = 1 	 d (z/L) = 	r 	d~" 	 (A17) z 	l 	z/L 	I 
zp z0/L ~0 
(L has been defined for the layer in question in such a way that it is more or les 
constant for each profile). 
According to the above statements on the properties of universal functions, (A17) 
may further be integrated to obtain a form suitable for profile data work 
Omm 	 S 1 	 1 - OM (Sl 
dS =f — d~ - f 	 d 	 (Alb) f ~ ~ S 
_o 	o 	~o 
	
= 1„ 	— 
(
OM(o  
~o  
= In 2 - (M 	- 	) 	 (A 19) z0 
At the lower limit (z>>zo ) of integration q 1(C0 ) 1 and -W(C0 ) is small enough (cf. 
Fig. Al) to be negligible (the value of C/4o is:some 104 over the sea). The velocity profile 
may therefore be written as (generally us - 0) 
u* 	z 
uz — us = k ( 112 . i — J~M (Sl ) 	 (A20) 
0 
which is the form introduced by Lumley and Panofsky (1964) and can be used to 
determine profiles in both neutral and stratified cases. The function y~,,,(~) is the 
integrated universal function for the wind speed. This form has the additional ad-
vantage that it enables a comparison between the effect on profiles of universal func-
tions of different origin (cf. Fig. Al). Analogously, the profile gradients (A5) and 
(AO) yield 
1 	z 
0 z - 0s = 	0* (In 	- OH (~l) 	 (A21) 
cl H 	Z H 
1 	 z 
qz - qs = 	q* (!,z 	C(S)) 	 (A22) 
a o 	 zq 
c 
where PH and PPE are, respectively, the integrated universal functions 
i
1 — ~ y R) 	 S 	1 ~y(~l 
 
_ d~ 	f d~ 	 (A23) 
% 	1 O E(T) 	
i
1 OE
OE(~i = 1 d = 	 d 	 (A24) 
 ~q  
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The ratios «°=l~° JK°=¢n(0)/~FI (0) a.nd ac=lic /I~~,=O,~r(0)/0c(0) are ]eft 
in the profile equations for temperature and humidity above. Alternatively, they may 
be included in universal functions. In the following considerations the eddy diffusivity 
ratios have been assumed to be a°,=a° =1 (or taken to be included in parametrized 
universal functions). 
The parametrized formulae of universal functions have usually been determined 
by fitting and interpolating the numerical functional form on the basis of theoretical 
knowledge and experimental results. 
Monin and Yaglom (1971) provide an extensive discussion and review on the 
subject, and Dyer (1974) has compared different universal functions of the q-foran. 
Yaglom (1977) has written a critical review on the subject and compared numerous 
functions of the q-form. From the point of view of working with profile data and bulk 
parametrizing of turbulent fluxes some of the most well known universal functions 
will be discussed and compared in the integrated ip-form in the following sections. 
2.1.1. Near-neutral stratification 
Practical profile data work is usually begun by considering first the data obtained 
for the "neutral" region. Since, to be exact, the neutral case corresponds to the 
case when =z/LO, the situation is almost always "near-neutral", where Iz/LI <1. 
The universal functions corresponding to these situations may be represented as a 
series expansion (Monin and Yaglom 1971) 
4M = 1 + apt S + . 	 (i\25) 
OH =1 +(1H 	+... 	 (A26) 
OE = 	+ , .. 
where the constants (3,,I (3F1 and /3L are related to velocity, temperature and 
humidity in the near-neutral region. 
Integration of the profile gradients (A4)—(A6), when substituting for the O's 
yields the "Monin-Obukhov'-log-linear profiles analogical to (A20)—(A22): 
u*
uz — us = 	( In - + (1 M (~' — ~o )) (A_bl k 	 Zo  
or — os = 0* (ln - + (3y (S—~'H ) 	 (A29) 
H 
Z 
qZ — qS = q 	/ In — + 	(~' — 3"q ) 	 (A30) 
zq 
where ~o, ~ H and C9 are small compared to and are usually neglected. 
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The values of the f'-constants may differ from each other, but it is commonly 
assumed that fl , fl. The constants may have a different value according to sta-
bility, when >0 or C<0 and they depend also on the width of the stability region 
from which they have been determined (cf. Taylor 1960). Therefore, the values of 
constants obtained by different authors may vary widely, generally between 4 to 10. 
By a careful profile analysis Webb (1970) has obtained the values 
fl=4.5 for the unstable region and fl 	fl;1=5.2 for the stable 
region, which are compatible with the values deduced by Taylor (1960). Thus, it 
follows that for the values of the integrated y -functions 
;. <0 
~MHE 	
= { — 5.2 	>0 
In other words, when working with profile data it is important to bear in mind that, for instance 
in the determination of the bulk transfer coefficients and flux quantities, results obtained by 
applying a logarithmic profile to the "neutral" data always include a dispersion the magnitude 
of which depends on the stability region chosen to represent "neutral data". 
Especially for the unstable direction of stratification the applicability of a linear 
universal function is narrowly restricted to a region around ICI <0.03 (Taylor 1960, 
Webb 1970). Therefore, it has been necessary to find such formulae for universal 
functions as could cover wider regions of stratification. 
2.1.2. ,S'table stratification 
Under stable conditions L>.0 and >0. This is the case when the temperature of 
the air is higher than that of the water surface and the heat flux is directed dowmvard. 
Under these conditions, as in the near-neutral region, extreme stability excluded, 
the universal functions can be expressed as formulae analogical to (A25)—(A27), 
and the profiles follow a log-linear form. The values of the constants often deviate 
from the "near-neutral" values, depending on the width of the region of stratification 
covered by the data considered. 
As for the near-neutral region, the values for the constants fl for the stable region 
vary considerably between 4 to 10, depending on the source, lying usually around 
4.5 to 7. Zilitinkiewich and Chalikov (1968) obtained f3,=9.9 and flH =10.4 
when 0.002<C<0.4 from the Tsimlyanskoye-data. Currently the results of Webb 
(1970), flH f E f„f = 5.2 when —0.03 <<1, are frequently used. After comparing 
various results, Dyer (1974) recommends the value f 15=5, which is, within reason-
able accuracy of determination, the same value as obtained by Webb. The same 
result has been obtained by Hicks (1976b) for the wind profile, when C is of the order 
of 0.5 or less. Sethuraman and Brown (1976) obtained a corresponding result for 
fl 11 and (lx from an experiment on wind and temperature profiles over 
rough terrain, and it was found to be valid up to very strong inversion. In addition, 
they found that Ity =Ki11 was valid over a wide range of stratification. Adopting 
the values suggested above, we find 
M 
The ratios 4=K°H/K°.j=gnt(0)lq11(0) and «~=KAIK°=~(0)l~(0) are left 
in the profile equations for temperature and humidity above. Alternatively, they may 
be included in universal functions. In the following considerations the eddy diffusivity 
ratios have been assumed to be aO=a.° =1 (or taken to be included in parametrized 
universal functions). 
The parametrized formulae of universal functions have usually been determined 
by fitting and interpolating the numerical functional form on the basis of theoretical 
knowledge and experimental results. 
Monin and Yagloni (1971) provide an extensive discussion and review on the 
subject, and Dyer (1974) has compared different universal functions of the 0-form. 
Yaglomn (1977) has written a critical review on the subject and compared numerous 
functions of the ¢-form. From the point of view of working with profile data and bulk 
parametrizing of turbulent fluxes some of the most well known universal functions 
will be discussed and compared in the integrated v-form in the following sections. 
2.1.1. Near-neutral stratification 
Practical profile data work is usually begun by considering first the data obtained 
for the "neutral" region. Since, to be exact, the neutral case corresponds to the 
case when =z/LO, the situation is almost always "near-neutral", where Iz/Ll <1. 
The universal functions corresponding to these situations may be represented as a 
series expansion (Monin and Yaglom 1971) 
mM =1+a, ~+... 	 (A25) 
¢H =1 	 + 
	
(A26) 
OE =1 	
(A27) 
where the constants 	and 	are related to velocity, temperature and 
humidity in the near-neutral region. 
Integration of the profile gradients (A4)—(A6), when substituting for the O's 
yields the "Monin-Obukhov"-log-linear profiles analogical to (A20)—(A22): 
uz — ~,S = k 	(1,:? +air 	 o)~ 	 ,, 
k Zo 	 (A_~~ 
z 
oz — Bs = 0* 	r,1 	+ p ( 	H ) 	 (A 29) 
H 
Z 
qZ — qs = q* (t,: z + f3 ( —~"q ) 	 (A30) 
q 
where ~o, CH and 7 are small compared to C and are usually neglected. 
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The values of the f'-constants may differ from each other, but it is commonly 
assumed that /3F; 	The constants may have a different value according to sta- 
bility, when >0 or <0 and they depend also on the width of the stability region 
from which they have been determined (cf. Taylor 1960). Therefore, the values of 
constants obtained by different authors may vary widely, generally between 4 to 10. 
By a careful profile analysis Webb (1970) has obtained the values 
/3, ~ fie ~ /9= 4.5 for the unstable region and j3 	j 1= 5.2 for the stable 
region, which are compatible with the values deduced by Taylor (1960). Thus, it 
follows that for the values of the integrated gyp-functions 
- 4.5 	' <0 
OMHE   
= { —5.2 S 	>0 
In other words, when working with profile data it is important to bear in mind that, for instance 
in the determination of the bull, transfer coefficients and flux quantities, results obtained by 
applying a logarithmic profile to the "neutral" data always include a dispersion the magnitude 
of which depends on the stability region chosen to represent "neutral data". 
Especially for the unstable direction of stratification the applicability of a linear 
universal function is narrowly restricted to a region around <0.03 (Taylor 1960, 
Webb 1970). Therefore, it has been necessary to find such formulae for universal 
functions as could cover wider regions of stratification. 
2.1.2. Stable stratification 
Under stable conditions L>0 and C>0. This is the case when the temperature of 
the air is higher than that of the water surface and the heat flux is directed downward. 
Under these conditions, as in the near-neutral region, extreme stability excluded, 
the universal functions can be expressed as formulae analogical to (A25)—(A27), 
and the profiles follow a log-linear form. The values of the constants often deviate 
from the "near-neutral" values, depending on the width of the region of stratification 
covered by the data considered. 
As for the near-neutral region, the values for the constants # for the stable region 
vary considerably between 4 to 10, depending on the source, lying usually around 
4.5 to 7. Zilitinkiewich and Chalikov (1968) obtained (l=9.9 and / H =10.4 
when 0.002<C<0.4 from the Tsimlyanskoye-data. Currently the results of Webb 
(1970), PH /E  fl,f =5.2 when —0.03 <C<1, are frequently used. After comparing 
various results, Dyer (1974) recommends the value fi 	=5, which is, within reason- 
able accuracy of determination, the same value as obtained by Webb. The same 
result has been obtained by Hicks (1976b) for the wind profile, when C is of the order 
of 0.5 or less. Sethuraman and Brown. (1976) obtained a corresponding result for 
/9M and 	from an experiment on wind and temperature profiles over 
rough terrain, and it was found to be valid up to very strong inversion. In addition, 
they found that Ic11 Ic was valid over a wide range of stratification. Adopting 
the values suggested above, we find 
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(A31) 
Kondo et al. (1978) obtained results according to which the wind profile followed a 
log-linear form up to about i;'" 0.7 and the constant /3=7. On the other hand, they 
obtained a universal function for the temperature as 
KM 
~y(~)= (1 +7 ) K 
H 
where the ratio KH1K ,!=0,11!0, was determined experimentally and diminished 
nonlinearly (towards infinitesimally small values at extreme stability) with increasing 
stability; i.e. increasing stability decreased the eddy conductivity more than eddy 
diffusivity, which deviated from the results above. Because of the great scatter of 
results, very low wind speeds, the small amount of data for the region considered 
(just a few cases in the region <1) and the circumstances above the solid ground, 
their findings seem to need more confirmation and remain tentative. 
Only a few field studies have been made for the highly stable conditions. Webb 
(1970) has observed situations where profiles during very high stability follow again 
a logarithmic profile, the universal functions being of the form 
MHE = 1 + const, 	when 	> 1 
Furthermore, if stability is further increased, a third region seems to be attained 
in profile behaviour so that when extreme stability prevails the profile gradient is 
constant and the profile itself is linear. Hicks (1976b) observed from the Wangara- 
data that the wind profile was linear when stability was of the order of 	10 or more. 
On the other hand, for smaller values of stability he has observed that after the log-
linear region the profiles approach a logarithmic profile, as suggested by Webb, 
although the latter never attain it. According to the results of Kondo et al. (1978) 
the universal function for the wind speed was constant q=0, already when >0.8. 
They also noticed that in extremely stable surface layers the flux constancy may not 
be valid. 
These studies above support the theoretical considerations (Wyngaard 1973) 
according to which under extreme stability the structure of the surface boundary 
layer (i.e. the scale of eddies) does not anymore depend on the height z. 
Results of the limiting values for the universal functions or profile gradients sug-
gested by the above studies, suggest significant consequences in terms of the bulk 
parametrization of turbulent fluxes; when stability increases to extreme stratification, 
the eddy diffusivities (i.e. turbulent fluxes) perhaps do not diminish to infinitesimally 
small values as suggested by profile equations (e.g. log-linear profile) with infini-
tely increasing universal functions and effect of stability. Nevertheless, because 
extreme stability can prevail only at very low wind speeds its quantitative effect on 
average turbulent exchange between air and interface is slight. 
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2.1.3. Unstable stratification 
In the unstable region (L<O) the profiles change asymptotically towards a constant 
value of "free convection" when ->-. Dimensional analysis (e.g., Monin and 
Yaglom 1971) indicates that the profiles should then be proportional to the factor 
z-111. For the unstable region three known universal functions will be considered in 
the following from the point of view of practical profile data work. 
.Kazanski-111onin-(Priestley) forn 
Kazanski and Monin (1958), as well as Priestley (1960), have proposed a simple form 
of interpolation for the universal functions of the unstable region (transformed to 
the form considered here) 
1 + 'YM 	when ~'1 < ' < 0 
= 	C2 -1 /3 	 (A32) 
— 	 when 	< ~1 
3 
where Y,,i and C2 are constants determinable from experimental data, as well as 
which defines the region where the log-linear profile is valid. The integration of the 
function gives 
yM 	when ~ < 	< 0 	 (A33) 
'1'M 	= 
 113 
/ 
1/3 - yM 1 -f- In 	- C2  ~-- ~ 	
/ 
1 ) 	when ~ < ~ 
`  
On the basis of extensive direct measurements and simultaneous profile measurements 
Zilitinkiewich and Chalikov (1968) have obtained from the Tsimlyanskoye-data for 
the constants the values C2 1.25, y - -0.16 and y 1 1.45. Using these values, 
a graph of the function y) has been drawn in Fig. Al. The same experiments yielded 
a somewhat similar form for the temperature profile, so that q, 	(and correspond- 
ingly v 	VH). Important results were the value of k=0.43 obtained for the von 
Kårmån constant, and the ratio 1/ö -1.20 with a confidence interval of 0.35. 
The data obtained by Zilitinkiewich and Chalikov covered the unstable region 
-0.002>C> -1.2. 
It is the opinion of several authors (for instance, Busch 1973, Businger 1973), 
supported by results, that in the case of "free convection", instead of following the 
profile form y c~z-1I3 the temperature follows a form such as the Businger-Dyer 
form, which is proportional to the factor OH cez-hf2 . 
Businger-Dyer form 
Businger (1966, 1971, 1973) and Dyer (1967, 1970, 1974), independent of each other, 
introduced formulae for the universal functions according to which, as stability 
_-* -cam, the universal functions become proportional to the factors 
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OM °c z —1/4 and0E 0H 	Z -1/2 
a) For the universal function of the wind velocity Businger and Dyer suggest the 
formula 
oM = (1 -. 	)-1/4 	 (A34) 
where y is a constant, usually assigned the value y=15 or 16. The integration (cf. 
Paulson 1970) according to (A18) yields (since ~o <~) for the integrated universal 
function of wind velocity 
1 + çbM1 1i+;2 
— > m ffi = 2 In 	 -t In 	 — 2 arc tan ~ N 1 + n/2 (A35) 
2 	 2 
b) For the universal functions of temperature and water vapour the Businger-Dyer 
formula is 
1/2 = 2 	 (A36) 
which, when integrated (cf. Paulson 1970) according to (A23) - (A24) yields (when 
SHq<S) 
1 I -1 
21n 	
OHE 
2 	1 	 (A37) 
For the temperature and humidity profiles the most commonly used values for the 
constant are also y=15 or 16. The universal functions p,, and P HE , calculated ac-
cording to the Businger-Dyer forms are drawn and tabulated in Fig. Al. Also a third 
well known universal function form, the so-called KEAYPS-form, which will be pre-
sented in the following, is drawn in Fig. Al. 
ICE YPS form 
In the late 1950's and early 1960's several scientists came down in favour of a similar 
interpolation formula for the universal function which is called (see Lumley and 
Panofsky 1964) the KEYPS-formula (or rather O'KEYPS-formula; Obukhov-
Kazanski-Ellison-Yamamoto-Panofsky-Sellers): 
c51 - 'Y~çb1 =1 	 0 < OM < 1 	 (A38) 
This form expresses the universal function implicitly and 0,, is asymptotically pro-
portional to the factor z-113. Lumley and Panofsky (1964) have proposed the value 
of y=18 for the constant, but according to Paulson (1970) the best fit of his data 
corresponds to a value of y=11. The integration (cf. Paulson 1970) to the form (A19) 
yields 
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r1M +i l 	rOM +1 
= I - 0m + In I 	1 + 2 lnL 	 - 3 1P Om 2 are tan OM - it/2 
L 9 
(A39) 
which is also plotted in Fig. Al using the constant y= l 1. The KEYPS-form has some-
times been employed to describe the stability dependence of temperature and water 
vapour so that 0 .; OH ~ 0.. The practical difficulty of the KEYPS-form lies in the 
implicit interpolation function of ¢ Nf . 
2.1.4. Discussion 
For the universal functions in the unstable region it can be seen from Fig. Al that 
all three functions of 1PM have rather similar a trend. Paulson (1970), and Businger 
et al. (1971) have verified this experimentally for the KEYPS-form and the B-D 
e1,. 	VAS „F 	VA,,,,: 
'GM :+GH (Z-C) 
Fig. Al. Integrated universal functions. Stable region: Webb-form and Zilitinkiewich-Chalikov 
(Z-C) form. Unstable region: Businger-Dyer formulae (B-D), Zilitinkiowich-Chalikov form 
(Z-C) and KEYPS-form (KEYPS). Businger-Dyer and Webb formulae are also numerically 
tabulated. 
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form. On the other hand, there have been far fewer determinations and experimental 
comparisons of the functions 0H and cL . Paulson (1970) has observed that the KEYPS-
form poorly fits the temperature profile, whereas the B-D form ¢ f, describes the 
profile well. The B-D form has gained wide acceptance (cf. Yaglom 1974) and is the 
form most frequently used in the latest studies, at least in the West. In addition, 
several direct measurements have shown that eddy diffusivities for the unstable 
case differ so that K H>KM which leads to ?p,> f as in the B-D form. Businger 
et al. (1971), Högström (1974), and Miyake et al. (1970) have observed wind, tem-
perature, and humidity to follow the B-D formulae and the flux quantities cal-
culated from these to conform to eddy correlation results, although it is true that 
the region of stratification, employed in the last experiment was rather narrow. 
Dyer (1967) has observed that the B-D form can be applied to profiles of the 
unstable case up to a stratification of = —4. In practice it has been observed by 
several authors that the range of application is 0<ICI<1 to 2 and that it may also be 
applicable outside of this range (e.g., Dyer and Hicks 1970). 
Yaglom (1977) has written a critical review on the subject containing tables of 
¢-formulae regarded as reliable for the universal functions 0M  and ¢H . Yaglom again 
(cf. Yaglom 1974) particularly emphasizes the possible sources of error in the data 
from turbulence measurements, differences in the values of the von Kdriuån constant 
and, on the other hand, points out the applicability of the similarity theory to prac-
tical situations. Mainly because of these kind of problems there is, for the time being, 
no way of choosing the most reliable form for universal functions. Thus, for instance, 
in the West the Webb-formula, for the stable region, and Businger-Dyer formulae, 
for the unstable region, have been confirmed by several sets of experimental data, 
whereas in the Soviet Union extensive observations are reported to indicate the relia-
bility of the Zilitinkiewich-Chalikov (or rather Kazanski-Monin) form. However, 
it may be seen from Fig. Al that under strongly unstable conditions there are no 
significant quantitative differences in 111-functions between Zilitinkiewich-Chalikov 
form and Businger-Dyer form (i.e. whether the function 0,,. f is asymptotically pro-
portional to z-1/3 Or to z-1 / 4 ) 
On the basis of the considerations made, it is evident that the relative stability 
dependence of profiles is most pronounced in the near neutral region as well as its 
effect on bulk transfer coefficients, as is seen from Figs. A2 and A3. In the figures 
examples of the stability dependence of the transfer coefficients are shown, con-
structed using the universal functions discussed and applying the equations of the 
next section. 
3. TURBULENT BULK TRANSFER FORMULAE AND BULK TRANSFER 
COEFFICIENTS 
On the basis of the profile relationships (A20)—(A22) and the definitions (A7)—(A9) 
the bulk formulae for the turbulent flux quantities (cf. Hicks 1975, Kondo 1975) 
become 
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— for the flux of momentum 
2 
/ 
T = P u*2 = p k2 ( ln 	— 	 ) 	uz2 	 (A40) 
\ 	z0 
2 
= p CDz u z 
— for the sensible heat flux 
z z 	 \ 1 
H = p c p k2 
( 
ln 	— ~M (~l~ ( In Z — OH (~l 1 	( Bs — °) 
/ 
z u z 
\	z0 \ 	H 
1/2 / 	z 	` 
	
= p c k CDz I In — - 0y(o
) 	
( 0s - 0z ) uz 	 (A41) 
zH 
p e p CHz( Os — 
— for the flux of water vapour 
Z 	1 	— 1 
E = p k2 ( In Z0 — SI/M (~J ) 	\ Zq - ~E (~) ) 	Rs 9z ) u 
1/2 	z 
	
)
-1 	
z = p k CDz 	ln Z — OE (~) 	 ( 9s `- 9z ) u (A42) 
= p CEZ (qs — qz) uz 
CD , CHz and CE` are the bullk transfer coefficients for momentum, sensible heat and 
water vapour, i.e. the drag coefficient, the Stanton niatinbe• and the Dalton number, 
respectively. In the neutral case the universal functions are y,,11=0, y,H=O, y,L=O 
and the bulk transfer coefficients become what we denote in this paper by C%, 
CH2' V Ez) - 
As has been said before, in the light of present knowledge and techniques of meas-
urement, it seems that the diffusion mechanism of sensible heat and water vapour 
are analogous, so that 2H =7q and PH PE and thus, the transfer coefficients CHz 
CE.. 
If the equality of eddy diffusivities assumed for the neutral case (discussed on 
p. 82) is not valid, then equations such as (A41) and (A42) should be multiplied by 
the factors aH and u°, according to equations (A21) and (A22). This method is 
used, provided that the universal functions determined from experimental data have 
originally been determined by comparing the stratified case to the neutral case 
OHE(~)IOHE(0) (cf. p. 89). 
In many cases, especially when due to the lack of reliable data, it is often assumed 
as a first approximation that z0 = zH - z,, from which it follows that in the neutral 
case also the transfer coefficients are: CD,  
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Figs. A2 and A3 present the calculated effect of stability on bulk transfer coeffi-
cients, when coefficients for the neutral case are known (or rather the roughness 
parameters z0, z H and z4 ). The Webb-form, the Businger-Dyer forms and the Zilitin-
kiewich-Chalikov form have been used for the universal functions in these examples. 
The graphs correspond to coefficients normalized to 10 in and 2 m observation levels. 
The deviation of the transfer coefficients in the neutral case, using the Zilitinkiewich- 
Fig. A2. Stability dependence of the drag coefficient. The neutral coefficients (or rather the rough-
ness parameter z0 1 • 10-' m) corresponding to 10 in and 2 m are known. The universal functions 
used are given in brackets. The deviation in the neutral case using the Zilitinkiewich—Chalikov 
form (Z—C) is duo to a value for the von Kårmån constant, k=0.43, obtained by Zilitinkiewich 
and Chalikov (1968), instead of the commonly accepted k=0.4. 
Fig. A3. Stability dependence of the turbulent bulk transfer coefficients of sensible heat and 
water vapour. The neutral coefficients corresponding to 10 m and 2 m are known (or rather 
ZO Z H Z 5 1 • 10-  m). The universal functions used are given in brackets. Using the Zilitin-
kiewich—Chalikov form (Z—C), the deviation in the neutral case is due to a value for the von 
Kårmån constant, k=0.43, obtained by Zilitinkiewich and Chalikov (1968), instead of the com- 
monly accepted k=0.4. 
m 
Chalikov form, is caused by the experimental value of k=0.43 used for the von 
Kårmån constant, while the most commonly used value is 0.40 to 0.41, which has 
also been employed in the calculations using the B-D- and Webb-formulae. This 
is also the main reason for the deviation of the drag coefficients, when using B-D 
or Z-C formulae for the universal functions in the unstable region. The differences 
in universal functions are more pronounced in the Stanton and Dalton numbers 
(Fig. A3) and in the drag coefficient of the stable region. 
4. STABILITY PARAMETERS 
4.1. Parameter 4 and bulk-Richardson number 
As introduced above, the buoyancy effect of stratification and universal functions 
are commonly expressed in terms of a "stability length L" defined by Monin-
Obukhov (1954). The dimensionless ratio z/L represents the ratio of the effect of 
buoyancy to the production of turbulent energy 
z 	z g k H (1 + 0.61 T0 c p EJH) 	
(A43) 
L 	 To p c p u* 
The second term in the brackets arises from the buoyancy correction for moisture 
obtained through replacing the original term H=pc p@'zd by the virtual form 
p c p (0' tiv' + 0.61 T0 	 = H (i + 0.61 T0 c E/H) 
= H fi + 0  .61 T p 
CEZ (qz 	4s) 
	
(A44)  
CHz (Oz — Os) 
~H+0.07 £E 
as suggested by Lumley and Panofsky (1964) and Deardorff (1968). T0 is the reference 
temperature, frequently used as the mean potential absolute temperature of the sur-
face layer. (Strictly speaking, the reference temperature in the denominators of eqs. 
(A43) and (A46) should be (Deardorff 1968) the virtual reference temperature 
To,=T0(1+0.61q), the difference being in this connection, however, insignificant.) 
The parameter L is essentially independent of height and is positive for stable con-
ditions. 
The correction effect of moisture on the parameter L has often been left out, 
which may introduce some errors when the form is applied to conditions over water 
(cf. Busch 1973, Dyer 1974, Hicks 1975), especially over the oceans, where the Bowen 
ratio is small. 
In order that the stability length L may be calculated directly from experimental 
data, it should be possible to determine the turbulent heat flux H for instance by 
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direct measurements. If it is not possible, L may, in some cases, be approximated 
with the aid of measured gradients using the relation between the Monin-Obukhov 
parameter and some other stability parameter. The stability parameter z/L, as well 
as turbulent vertical flux quantities, may be determined on the basis of reliable data 
also by the iteration process; experimental data — vertical flux quantities — universal 
functions, described in the text in sect. 5.1.1. 
The bulk-Richardson number is a generally used, simple, dimensionless stability 
parameter derived from the Richardson number 
g z (0z - 0S) Rbz = 	 (A45) 
TO uz 2 
which does not take the correction for moisture into account. 
Using the quantity L as a basis, Deardorff (1968) has derived a parameter which 
takes the correction for moisture into account and may be called the "virtual bulk-
Richardson number" (us — 0) 
	
g z 	 CEZ 
Rbvz 	 10z – 0S + 0.61 T 	(9z – 9S) J 
l 	(A46) 
2 
T 0 (u z 	u se 	 CHz 
g z (Oz – Bs ) 	 CEZ ( qz – qs) 
R bvz = 	 I + 0.61 TO 
To u
2 
z 	 CHz (Oz – O SS 
CEZ (qz – qS ) 
= R bz 	1 + 0.61 To 
CHz (Bz 	OS) 
The common assumption C E -=C H , yields somewhat simpler formulae. 
4.2. Relation between bulk-Richardson number and the parameter 
Using eqs. (A8), (A20), (A21) and (A44) we can express (A46) in the form 
z 
g z k H (ln — – 
z 
R bvz = - 
Comparing it with (A43) an expression is obtained for R,, as 
z 
R bvz 	 H 	z 	 2 	
(A47) 
Q y ( !n — — OM(~l ) 
ZU 
et H p c p u* To ( in ? – 0M(~)) 2 
Z0 
L
1 + 0.61 To c p El H
i 
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The functional solution of C as a function of Rbvz from (A47) is complicated, except 
for some special cases (cf. equations (A48) and (A49)), but when the neutral bulk 
transfer coefficients (i.e. zo and zt,) are known and universal functions are adopted, 
(A47) can be used to construct the relationship Rb.x=f(C) using arbitrary values of 
C (cf. Fig. 26). Using the experimental bulk-Richardson number, calculated according 
to (A46), the parameter can be determined from the inverse mapping as  
and then in turn the transfer coefficients and fluxes can be calculated according to 
chapter 3. Using the constructed relationship, the bulk transfer coefficients can further 
be transformed from the form Cz(~) to C (Rbllz). The method has been used in sect. 
5.1.6. in the text. 
The relationship (A47) is valid for all heights in a constant flux layer and a graph 
corresponding to Fig. 26 can be constructed for any measuring level. Because the 
observation height in (A47) enters only logarithmically, the graphs constructed for 
different measurement levels vary gradually with respect to height. 
If the effect of humidity on stability and bulk transfer coefficients is considered 
to be negligible, (A47) is still valid, because the correction (A44) due to the moisture 
is the same for the parameter as for the bulk-Richardson number. Then (A46) reduces 
to the simpler form Rbr of eq. (A45). 
5. A SIMPLIFIED FORMULA FOR THE BULK TRANSFER COEFFICIENTS 
FOR THE NEAR-NEUTRAL AND STABLE STRATIFICATION 
In cases when the bulk transfer coefficients are C 	(or rather In zo aln z H ) and 
universal functions ~ = OH, as commonly obtained for the near-neutral and stable 
stratification, (A47) reduces to a simple form 
0 
Rbvz 	n 1 1 In z - 	 , 1 
	
(A48) 
If a linear form is adopted for ¢M , yielding y~ i11= —f3~", as common for the 
near-neutral and stable regions, the parameter is obtained by solving the above 
to give 
o 	z 
a H bl z R bvz 0 
I - aH a Rbvz 
Substituting 	in equations (A40)—(A42) covering the bulk transfer coefficients, 
the following simple parabolic formula is obtained 
when 	 (ASO) 
CDz CHZ CEz 	0 	2 
Co ~- 	, Q = (1 – aH ORbvz) 	
In z 0 ti In zH ti In z9 
Dz CHz C Ez 
OM ' OH diE = 1 + Q 
(A49) 
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The region of RbVZ where the above formulae are valid is determined by where the 
adopted linear universal function is valid (cf. Fig. 28), the upper limit being, however, 
RbVz G 1/a° . 
If the Webb-forna (A31) is adopted for universal functions, the constant # is about 
5 and  
The formulae above are valid also for RGZ , eq. (A45), when the effect of humidity 
on stability is neglected. 
6. BULK TRANSFER COEFFICIENTS APPROXIMATED ON THE BASIS OF 
UNIVERSAL FUNCTIONS (RONDO'S METHOD) 
Rondo (1975) has presented an approximate method on the basis of universal functions for the 
practical calculation of bulk transfer coefficients. He has assumed, for the unstable region, that 
the universal functions are of the Businger-Dyer forms (A34) and (A36). 
For the stable case Kondo has adopted a form which deviates somewhat from the form (A31) 
presented by Webb (1970); thus 
6 
OM - 0 H = l~E = 1 + 1 + 	 (AS 1) 
To approximate these universal functions Rondo has defined a stability parameter 
S = S0 
Iso 	
(AS2) 
ISO I + 0.01 
where 
-2 
S0 = (ts - tz ) nz 
2 
11 + loglo 	
10 1 	
(A53) 
z 	IIIJ 
In the case of large humidity gradients, the temperature difference (t-t) is replaced by a 
form which takes into consideration the effect of moisture on density stratification 
(f S - t z) -3- 	
L 
(t - t z) + 0.61 T (9S - q2) J 
-,%,here T=mean absolute temperature of the surface layer. As a function of the parameter S 
the Rondo-form approximates the effect of density stratification on the bulk transfer coefficients 
so that 
a) for stable stratification 
	
CDz 	CHs 	CEz 
-~ 	0.1 + 0.03 S + 0.9 e 4.8S when -3.3<S < 0 
0 	0 0 
CDz 
 
c2 Cä 
0 	when S < - 3.3 	 (A54) 
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b) for unstable stratification 
CDz 
1 + 0478 05  
0 
CDz 
(ASS) 
	
CHz 	CEz 
1 + 0.63805 
0 	0 
CHz 	CEz 
which may be used to approximate the effect of density stratification on the transfer coefficients 
when neutral values and stability conditions are known. One drawback of Rondo's method is 
that it introduces a new stability parameter without any direct physical relevance or relationship 
to the bulk-Richardson number or to the parameter C. 
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ABSTRACT 
Gas transfer through an air-sea interface has been investigated using different 
assumptions on surface roughness and drag coefficient. The pseudo-thickness of 
the molecular diffusion layer in the case of an aerodynamically smooth surface 
and in the transitional regime is determined as a function of Prandtl number and 
roughness Reynolds number and the results are compared with available laboratory 
experiments. Using as roughness elements the rms value of capillary waves in the 
range ö Hz <1<  14 Hz according to the Mitsuyasu (1977) spectrum, the calculated 
pseudo-thickness is found to be close to laboratory data in the said regimes. Appli-
cation of the results to field conditions is discussed on the basis of different assump-
tions for neutral drag coefficients. For light winds, the assumption of equal rough-
oess height for air and water flow is found to give approximately the same results 
as empirical drag coefficients. 
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1. INTRODUCTION 
Bolin (1960) observed that when non-reactive gas is being transferred across an air-
sea interface, by far the greatest resistance to transfer is offered by the viscous sub-
layer in the water. This is, of course, a consequence of the fact that the molecular 
diffusion coefficient of gas in the liquid phase is much lower than the gaseous coef-
ficient. In the case of sea water the difference amounts to a factor of around 104. 
Thus, to estimate the gas flux across an air-sea interface we must, first of all, param-
etrize the vertical transport processes in the uppermost ten centimeters of the sea 
or ocean. The ultimate objective of this work is to present simple formulae for gas 
fluxes (especially the flux of oxygen) in terms of air-sea concentration differences. To 
date the only available theoretical approach to deriving such formulae has been to 
use the analogy (hydrodynamical similarity) between transfer across the air-water 
interface and heat and mass transfer processes in the vicinity of a solid wall (Kondo 
1976). In this case the direct influence of wave associated velocity fluctuations (or-
bital motions) is considered to be of no importance for turbulent transport of a pas-
sive substance. The only effect due to the presence of wind waves which has to be 
considered is their influence on the momentum exchanges between wind, waves and 
turbulent motion in the surface water layer. Even when the momentum input by the 
wind to the water surface layer is treated very crudely in the traditional manner 
whereby the turbulent flux of momentton in the water is assumed to be equal to 
"wind stress" (for some justification of this idea, see for instance, Richman and Gar-
rett, 1977) the values of gas fluxes under different wind conditions are very sensitive 
to the choice of drag coefficient (or aerodynamic roughness parameter) for the sea 
surface. One of the major purposes of this study is to investigate the variations produced 
in the gas transfer rates by using different drag coefficients and to show that with 
reasonable estimates of aerodynamic roughness of the air-water interface in wind-
wave channels, the laboratory data of various authors (Downing and Truesdale, 
1955; Kanwisher, 1963; Liss, 1973 and Mattingly, 1977) may be consistent with the 
present theory based on smooth surface and transitional regime formulation. 
2. THE THEORY 
The basic equations for a constant flux water layer, which can be used to describe 
the turbulent regime in the uppermost meter of the sea, are 
dC 
°(X+Zt„rb) Tz = —j, 	 (1 ) 
and 
dV 
9(v + vtu,n) jz = —i, 	 ( 2) 
where z is the vertical coordinate measured downward from the sea surface (z=0), 
V=mean velocity in the direction of the surface wind (surface stress), C=mean 
concentration of gas, =the water density, v, x=kinematic coefficients of molecular 
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viscosity and diffusivity, V1iire, xi„,b=coefficients of turbulent viscosity and diffusion, 
Uj, 'r=fluxes of gas and momentum, considered to be constant 	dr 0 
It is convenient for further discussion to introduce a new quantity — a so-called 
pseudo-thickness of molecular diffusion sublayer b according to the expression 
a_ Aexe 
 
( 3 ) 
 
where 
AC=CS-Ci ' 	 (4) 
represents the difference between the gas concentrations at the surface (C5 ) and in 
the turbulent, well mixed region of water (Cm). From this definition of pseudo-thick-
ness 6 it is clear that the values for 6 will in general depend on our choice of the depth 
z,,, at which the values Cm=C(z,n ) must be taken. But if the results of the calculation 
of AC are not very sensitive to the choice of z,,,, S can be considered to be independent 
of z and, in this sense, when AC is given, knowledge of 6 will be enough for deter-
mination of the gas fluxes. 
As the Prandtl number Pr values for sea water are of the order 103, AC can be 
determined relatively accurately using a simple, three layer structure for the con-
stant flux region (see Fig. 1). 
A 31C A21C L 1 
C C,, 
sy 
SV 
rig. 1. The schematic vertical distribution of gas concentration in the top few centimeters of the sea. 
S 
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Just at the surface or, more exactly, in the viscous sublayer 6 , the turbulent 
transfer coefficients vt„rb and iwrb can be expressed by the following formulae (Yaglom 
and Kader, 1974): 
3 
vturb=ajz+ 	 (5) 
3 
xturb=axvz+ 	 (6) 
	
zv 	 z I/2 
where z+ = -; V*= ( — ) ; ar , aM are nondimensional numbers. The thickness of 
v 	Q 
the viscous sublayer 6, can be determined from (5) using the condition 
Vt„rb=v at z=å, 	 (7) 
and the thickness of the molecular diffusion sublayer 6. using the condition 
xturb=x at z= SX 	 (8) 
Thus we have 
 9 ( ) 
8zv* 
Pr 113 cb 
 1/3 	 (10) 
where aturb= 
Vturb = ar = const. ^- 0.85 (Yaglom and Kader, 1974). Assuming that 
xturb and 
in the first layer (0 <z <8.) xturb<x (Fig. 1), we can determine 
CS—C(8z )=AMC 	 (11) 
By comparing (3) and (11) we obtain a simple relationship between pseudo-
thickness 6 and the real thickness of the molecular sublayer: 
a _ AC 
aX 	d(1~ C 	 (12) 
The contribution to AC from the second layer (5X <z < S,) can easily be found by 
integrating (1) with the aid of (6). Assuming for simplicity that for 6, Sz < d„ xt,.rb>x 
and taking into account (9-11), we get 
A 
(1~ 	
( Pr ) 
turb 2/3 
2C {1 — 
	 (13) 
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viscosity and diffusivity, v,,,,, xt„rb=coefficients of turbulent viscosity and diffusion, 
dj dr 
	
j, -r=fluxes of gas and momentum, considered to be constant (dz 	dz 0 
It is convenient for further discussion to introduce a new quantity — a so-called 
pseudo-thickness of molecular diffusion sublayer d according to the expression 
a dCx~ 	
(3) 
where 
dC=Cs —C,,, 	 (4) 
represents the difference between the gas concentrations at the surface (C5) and in 
the turbulent, well mixed region of water (C„). From this definition of pseudo-thick-
ness 65 it is clear that the values for S will in general depend on our choice of the depth 
z„, at which the values Cm=C(z,,,) must be taken. But if the results of the calculation 
of AC are not very sensitive to the choice of z,n, S can be considered to be independent 
of z and, in this sense, when AC is given, knowledge of 6 will be enough for deter-
mination of the gas fluxes. 
As the Prandtl number Pr values for sea water are of the order 103, AC can be 
determined relatively accurately using a simple, three layer structure for the con-
stant flux region (see Fig. 1). 
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Fig. 1. The schematic vertical distribution of gas concentration in the top few centimeters of the sea. 
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Just at the surface or, more exactly, in the viscous sublayer S~, the turbulent 
transfer coefficients vturb and Xturb can be expressed by the following formulae (Yaglom 
and Kader, 1974): 
3  
vt„rb=aT 	
(vz3 5)  
s 
xturb=auvz+ 	 (6) 
zv 	z 1~2 
where z+= *; v* = (–) 	ar , aä.1 are nondimensional numbers. The thickness of 
 
the viscous sublayer S, can be determined from (5) using the condition 
1'turb=v at z=S, 	 (7) 
and the thickness of the molecular diffusion sublayer Sx using the condition 
Xturb-x at z=Sx 	 (8) 
Thus we have 
avv -113 	 ( ) ä,+= v =a* (9 )  
Sx+= v 
	
— Sv+ Pr
1/3 
aturb 	 ( 10 ) 
where at„rb— 
vtb = a` = const. ^-0.85 (Yaglom and Rader, 1974). Assuming that 
Xturb a, 
in the first layer (0 <z <Sx ) xturb<X (Fig. 1), we can determine 
CS—C(S,)=d11~C 	 (11) 
By comparing (3) and (11) we obtain a simple relationship between pseudo-
thickness S and the real thickness of the molecular sublayer: 
S AC 
S 	d(1)C 	
(12) 
x 
The contribution to AC from the second layer (Sx <z<S,) can easily be found by 
integrating (1) with the aid of (6). Assuming for simplicity that for Sx <z < S„ Xt„rb> X 
and taking into account (9-11), we get 
(1~ 	
turb 213 
2C 
~1—(pr ) ~. 	 (13) 
115 
Thus it is clear that for Pr> 1 the contribution to AC from the second layer (d z 
AC 
cannot be neglected (with a.t„rb 1 and Pr _ 103 , 
Finally, let us consider the contribution to AC from the third region z> S,, where 
vlurb 
Vturb>V, xturb>>% and 	=constant. The integration of equations (1) and (2) gives 
xturb 
us 
C()—C(z)=V(S,,)—V(z), 	 (14) 
where the non-dimensional concentrations and velocities C and V are 
C V 
C ,-; V=—  v 	 (15) K 	, 
and "concentration scale" C,, is 
Ja turb 
C* = 	 (16) 
ov* 
The right hand side of (14) can also be written in the form 
V(.)—V(z)=V—V(z)—b , 	 (17) 
where Vs =surface drift current. Thus, to estimate the maximum value of the dif-
ference (C(S,,)—C(z)), which we denote as A 3)C=C(S.)—C,,, it is enough to use 
4(3)C 
maxiC(äj—C(z) = C = V5 	 (18) 
Using the relationship between scale C, (16) and the value of 4(') C (11) together 
with (10), we can rewrite (18) in the form 
d~3jC 	a 	213 =S—]( Nirb 	T7 (19 ) 
Since for an aerodynamically smooth surface S,+ -10, then for Pr 1O and at „r,, —.1 
we must have, from (19), 
AMC  
d(i)C ^~ 10-3 Vs 	 ( 20) 
The experimental values of VS were summarized in Kondo's report (1976; Figs. 3 
and 4), according to which VS never exceeds values of about 30 to 40. Thus we can 
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43C
neglect the contribution from 4~3~G' to dC 	 ~,<l and simply assume that 
(21) 
It should be pointed out that (21) is valid only for the smooth case and for Pr _ 103. 
For rough surfaces 6,,+ can be less than 10 and with Prancltl numbers less than, say, 
102 we are probably not justified in neglecting the contribution of A 3)C to AC. 
But when (20) and (21) can be used, the formulae (3) and (4) together with (9-
13) give us the following relation for the pseudo-thickness 
aturb 	/ P) 
\213 	1 
S=ä"P~ 11.5ta — J --- J. 
	 (22) 
\ turb 
When Pr» 1, this leads to a simple, final expression for S 
1/3 
a=l.5ä, 
Chun 	 (23) 
It must also be noted that (22) is equivalent to the following expression for the non-
dimensional ratio 
CS—C(5 )_ 	3 	.2 3 vturb 
U turb 	GI 	
= ± L•' ai 	 .Jr 
v. turbP.) 1 — 2 	 (24) 
The numerical experimental data on heat and mass transfer for different Prandtl 
numbers in the case of smooth surfaces were summarized by Yaglom and Kader 
(1974) in the form 
CS—C(~v) 
'turo C<. =
b1P9 213—b2 	 (25) 
where bl and b2 are numerical constants. They suggested that their values be taken 
as b1= 12.5 and b2= 6. Together with the value a.t„r~ =0.85, which those authors re-
commended as the best choice, we can obtain from (22-25) an estimate for X5,,1 for 
the Prandtl number Pr — 103. Thus 
5 = 8.92, 	 (26) 
which will be used in our calculations for pseudothickness 6S in eq. (23). 
It is important to understand that the method used above in our theoretical 
derivation of the expression for 6 is also valid for the case of aerodynamically rough 
surfaces (although possibly the contribution of A 3>Cto AC ought to be taken into account 
in that case). The only change that need. be made in applying (22) to the regime cor- 
lzv.  ,
responding to large Reynolds roughness numbers Res= 	, where h =equivalent 
v 
roughness height, is to use another expression for 8,~_ instead of (26). 
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According to Levich (1962) and Yaglorn and Kader (1974) 
å,=coast. • Re,112 for Re ,> 102 	 (27) 
The experimental data on heat and mass transfer for Res> 102 were summarized by 
Yaglom and Kader (1974) in the form 
~turhC 	
=Res'2(bl'P~.2,3—b2'), 
	 (28) 
where bl ' and b2 ' are numerical constants. They suggested for the values of these 
constants b1'=0.55 and b2 '=0.11. With Wiz, ~,=0.85, b1'=0.55 and Pr— 103 we obtain 
from (24,28) 
8,,+ c 0.4 Res12 for Res> 102 	 (29) 
In the sea conditions, as will be seen later, very often the transition between 
smooth and fully rough regime must be considered. The same can also apply in the 
laboratory experiments mentioned above. Therefore, it is necessary to try to estimate 
the behaviour of the viscous sublayer 5,,+ even in this case. In the following calcula-
tions we have assumed that for roughness Reynolds numbers Res <7 the equation 
(26) can be applied, while (29) is valid in the case Res ? 80. Pending further informa-
tion on the behaviour of S y+ in the intermediate regime, we have simply used linear 
interpolation 
8,+=8.92-0.073 (Re,-7) 	 (30) 
for the intermediate range 7 ,,Res <80. Obviously, this is a very crude assumption, 
but it enables us to compare the available laboratory data with the theory presented 
above. 
3. TRANSFER OF -MOMENTUM BY WIND TO THE TURBULENT SURFACE 
WATER LAYER 
It is generally accepted that a considerable fraction of the momentum communicated 
between the atmosphere and the sea first occurs as wave momentum, which is then 
lost by breaking and generates small-scale turbulence and a surface drift shear cur-
rent very near the surface. This fraction of the total momentum flux from the atmos-
phere z„ is difficult to estimate (Kitaigorodskii, 1973; Kitaigorodskii and Zaslayskii, 
1974). But, if we disregard the mechanisms of the redistribution of momentum within 
the wave zone (let us say between troughs axel crests) and only concern ourselves 
with the overall momentum balance integrated vertically over the wave zone and 
over all wave frequencies, the important question to be answered is, what fraction 
of i, is transferred locally to the turbulent surface water layer. The momentum r,,, 
transferred to the surface layer is the total momentum z,, transferred by the wind to 
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surface waves and surface turbulent motions minis the local temporal growth of 
allt 
surface wave momentum at and minus the momentum advected away by the sur- 
face waves p -S (M is the total surface wave momentum and S=wave momentum 
flux tensor). Unfortunately, there is no definite answer yet to this question. More-
over, there are many contradictory views on this problem. For example, in a recent 
paper by Richman and Garrett (1977), where they considered waves stationary in 
time, it was argued that the clownvind flux of the downwind wave momentum is a 
very small proportion of -r a (to be exact, 3 %), so that, according to them, in a locally 
steady state situation (for Avind waves) we can assume that 
r,t =fia 	 (31) 
On the other hand, in a paper by Benilov et al. (1978), it was shown that for a wind-
wave system developing in time (but homogeneous in space) the growth rate of wind 
waves can successfully be explained on the assumption that 
a Ill 
	
at : T, 	 (32) 
The problem, which we only touch on here, really lies at the heart of the physics 
of local dynamical small-scale interactions between the atmospheric boundary layer 
and the surface layer of the sea, and additional experimental studies are definitely 
needed for even a first approximative solution. But because we are here mainly in-
terested in the steady state conditions, where on the average the wind-wave system 
is in equilibrium and the waves are no longer growing significantly, we assume that 
(31) is valid and that the turbulent flux of momentum in water r (2) is equal 
t=z,=r,,. 	 (33) 
The friction velocity v;1, in water can thus easily be found from (33) 
 Oa 
v.T= 
I t 	
/2 
 ~ ~~~Cj~~ U= (s—) u* 	 (34) 
where U4=wind velocity at z=z,,, oa=the air density, u=friction velocity in the 
air, and CJ=tlie drag coefficient defined by the logarithmic formula 
7 u 
G'j /j= 	lL - 	, 	 ( 35 ) 
where x=0.4 and zö=the rouglmess parameter of the sea surface as seen from the 
vind. Thus, in order to determine the valnes of pseudo-thickness according to (23, 
26, 30) under different wind conditions we must make some assumptions about the 
drag coefficient CC (or zö) and its variation with wind speed. 
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4. THE PSEUDO-THICKNESS OF GAS MOLECULAR DIFFUSION SUBLAYER 
IN LABORATORY CONDITIONS 
The influence of wind on the pseudo-thickness of the gas molecular sublayer has 
been investigated by various authors. In this paper we deal only with the results 
obtained in studying the oxygen exchange in order to avoid the complications that 
arise from the reactivities of dissolved gases in water. 
Downing and Truesdale (1955) determined the exit coefficient of oxygen ina small 
laboratory tank, 92 cm long, 30 cm wide and 38 cin deep, mounted in a constant 
S 
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Fig. 2. The pseudo-thickness of the molecular diffusion sublayer S (for oxygen) as a function of air fric- 
tion velocity. 
x Liss (1973); 
A Downing and Truesda.le (1955), sea water; 
V Downing and Truesdale (1965) distilled water; 
Q Kanwisher (1963), smooth surface; 
V Kanwisher (1963), mechanically generated waves; 
■ , •, •Mattingly (1977). 
theoretical curve according to (23, 26, 30). 
500 
100 
10 
2 
120 
temperature bath. The wind velocity was measured at 5 cm above the water 
surface with a small cup anemometer. They also considered the influence of mechani-
cal stirring and the influence of waves in the absence of wind. Both distilled water 
and sea water with salinity 30 % were used in their experiments. In order to obtain 
a uniform measure for the wind action, we have determined the wind friction velocity 
from the two scales presented in their Fig. 3. The velocity scales presented there 
suggest a constant roughness parameter zö=4.5 x 10-2 cm. This value, together with 
the logarithmic profile assumption, is used in the presentation of their data in 
Fig. 2. 
Kanwisher (1963) studied the gas exchange exit coefficient and the variations in 
pseudo-thickness in a small laboratory tank with dimensions 100 x 50 x 50 cm3. 
The wind velocity was measured with a pitot type anemometer at 10 cm above 
the water surface. The wind range in his studies was between 0 and 10 m/sec. 
Unfortunately, Kanwisher does not give additional data on the variation of wind 
with height, nor on friction velocity. Therefore, we have plotted his data points on 
the basis of his very general statement, in which he indicates that according to 
Downing and Truesdale the wind velocities should be multiplied by two to con-
form to the reference height of 10 m wind data. Therefore, we have used the same 
value of roughness parameter as was used for the data of Downing and Truesdale. 
Liss (1973) made his laboratory studies in a tank with dimensions 450 x 30 x 10 
cm3, installed in a vind tunnel. In contrast to the above mentioned studies, Liss 
determined also wind profiles above the water surface with pitot tubes. Liss observed 
in his experiments a well defined logarithmic profile above the water surface, and 
according to his data the mean value of the roughness parameter was 0.7 x 10-2 cm, 
with a tendency to increase with increasing wind velocity. We have used the friction 
velocities he tabulated together with rearaetion constants. 
Mattingly (1977) made his experiments in a wind tunnel with a water channel, 
in which the test section was 8 in long, the water surface 55 cm wide and both the 
air and water channels 27 cm deep. In his experiments the water flow velocity could 
be varied, the average velocities being 4.5 cnl/s, 9 cm/s and 18 cm/s. Water flow and 
air flow were measured by hot film and hot wire anemometers, respectively. Matting- 
ly's data clearly indicate an increase of reaeration with increasing water flow velocity. 
On the basis of his wind profiles, Mattingly determined the wind friction velocity 
which has been used in plotting his data in Fig. 2. The largest friction velocity in his 
experiment was more than 2 m/s, which is far beyond the range of the other experi-
ments. 
In all the above mentioned laboratory studies it was noticed that gas exchange 
increased significantly when capillary ripples were formed, i.e. when the surface 
roughness increased. The gravity-capillary ripples form natural roughness elements, 
which influence both the air boundary layer and the water boundary layer. It is, 
therefore, natural to try to estimate the surface roughness by using as roughness 
elements the average height of gravity-capillary waves in the neighbourhood of the 
minimum phase speed co ^- 23 cm/s. 
In a recent study, Mitsuyasu (1077) determined the spectrum of high frequency 
surface waves at an offshore research tower using different types of wave gauges 
with very high frequency resolution. His measurements indicate that the high fre- 
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quency range wave spectrum is independent of fetch and can be expressed for the 
frequency range 5 Hz f <14 Hz by the equation 
2[, *f -4 	 (36) 
where 
g=g+)'k 2 ; ;'= — 	 ( 37) 10 
The measurements were carried out in weather conditions where u*  40 cm/s. The 
proportionality coefficient was found to be dg =0.012. We have determined the 
average wave height by integrating equation (36) over the frequency range 5 Hz 
f <14 Hz and multiplying the obtained standard deviation of the surface displace-
ment by a factor of 2.5. It is interesting to notice that for lower friction velocities 
u* the roughness height thus obtained is somewhat larger than that obtained by 
Dobroklonsky and Lesnikov (1972) in laboratory measurements of water surface 
layer, while at larger friction velocities the agreement is fairly close. Since the Mit-
suyasu (1977) data indicate independence of ripples on fetch, it is further assumed 
that this wave height estimate can be used in the determination of roughness Rey-
nolds number Res in equation (30) even in the case of laboratory data. 
The continuous curve in Fig. 2 represents the final result of the calculation of 
pseudo-thickness 6 as a function of friction velocity and Res . We have used (23) and 
(26) for the low Res regime, and for the transitional regime the equations (23) and 
(30), including in the latter case the influence of the contribution of (19) which, in 
general is of the order of a few per cent. Despite the many simplifications, the curve 
follows fairly closely the available observational data for the friction velocity range 
10 cm/s <u;u <73 cm/s. It is important to notice here that, as is seen from Fig. 2 our 
estimates of roughness heights show that the majority of laboratory data correspond 
to the transitional regime (10 < Re, < 100). Only the data of Mattingly (1977) for low 
friction velocities do not follow the general pattern, possibly due to the presence of 
mean flow induced by other than wind in his laboratory experiments. On the other 
hand, his data at very high friction velocities indicate a behaviour of pseudo-thickness 
6 roughly proportional to u -'12 . Thus the possibility of occurence of a fully rough 
regime (27) in laboratory conditions cannot be excluded. However, if we continue 
our curve in Fig. 2 above Res  >80, it will lie beyond the data of Mattingly (6 of the 
order of 20 cm instead of 7 -8 or even less in Mattingly's data). This fact also can 
probably be attributed to the effect of mean flow in Mattingly's experiments. 
A similar analysis of heat transfer coefficient was carried out recently by Street 
and Miller (1977). Their experiments showed an interdependence between a„+ and 
Res similar to (27) with proportionality factor ' 0.37. But in their interpretation 
they used the average wave height as representative of the height of roughness ele-
ments. (The frequency range of their dominant laboratory waves was between 2 
and 3 Hz, clearly below that used in the present study). Such a procedure is not very 
well justified, and it seems more natural (see Kitaigorodskii, 1973) to use for height 
of roughness elements the mean square height of high frequency (but not dominant) 
122 
waves. However, in laboratory conditions, even dominant waves can have phase 
velocities of order U.K and thus can contribute to resistance. To clarify this situation 
more detailed information about the wave spectrum in the laboratory tunnel is needed. 
5. THE PSEUDO-THICKNESS OF GAS MOLECULAR DIFFUSION SUB-
LAYER UNDER DIFFERENT WIND CONDITIONS 
In order to apply the present results for laboratory conditions to conditions in the 
open sea, it is necessary to apply a suitable drag law to relate friction velocity and 
the wind velocity measured at the standard observation level of 10 m. According to 
the latest review of drag coefficient over oceans (Garratt, 1977), the best fit for ex-
perimental data in neutral stability conditions gives the following expression for 
average values of the drag coefficient for different wind speeds: 
103G1(z,=10 m)=0.75+0.067 U,, for U,,>4 m/s, 	 (38) 
which also corresponds (Garratt, 1977) closely to the Charnock type formula for zö 
U2 
zö=0.0144 ', 
g 
(39) 
where g=acceleration due to gravity. 
Approximately the same results were obtained by Kondo (1975), who suggested 
the following expression for Cf : 
103 C1(z,=10 m)=1.2+0.025 U. for U>8 m/s. 	 (40) 
The relationship between pseudo-thickness and wind velocity can be obtained 
using the above formulae (38) or (40) together with the relation 
U~=CJ 1 / 2u* 	 (41) 
The results are presented in Fig. 3. For comparison, two additional curves are also 
presented, the one for smooth surface formulation where the roughness parameter is 
z=0.11 	 (42) 
with v„ the coefficient of the kinematic molecular viscosity of the air; and the other 
in which a logarithmic law is assumed with roughness parameter for the air equal 
to that for the water, i.e. proportional to gravity-capillary ripples, as found according 
to the use of Mitsuyasu's (1977) spectrum for frequency range 5 Hz <f <14 Hz. The 
figure shows that choice of either Garratt's (1977) drag coefficient or Kondo's (1975) 
drag coefficient gives approximately similar results (curves a and b, respectively), 
whereas results for roughness parameter found according to (42) (curve d) deviates 
from the other results most strongly. The curve (c) based on the assumption zö=zo' 
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Fig. 3. The pseudo-thickness of the molecular diffusion sublayer 6 (for oxygen) under different wind 
conditions. 
curve corresponding to Garratt's drag coefficient 
— — — curve corresponding to Kondo's drag coefficient 
- - - - - - - curve corresponding to assumption of equalities of roughness parameters 
— - - - — curve corresponding to aerodynamically smooth sea surface as seen from the wind 
is quite close to the first two curves (a and b) and deviates from them only for larger 
wind velocities. This is definitely a positive result, which shows that empirical esti -
mates of drag coefficient CC can be based also on the roughness height determined by 
the Mitsuyasu spectra (36) as described above. 
In relating the possible values of pseudo-thickness to actual sea conditions, it 
must be kept in mind that the above discussion relates to neutral stability conditions, 
which is not always the case in nature. In cases of stable atmospheric stratification 
or unstable stratification, additional equations for stability must be taken into ac-
count. 
A substantial part of this work was done during the few month's stay of the one 
of authors (S.A.K.) in Helsinki in 1977-1978 and was financially supported by the 
Institute of Marine Research, Helsinki. 
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VERTICAL DISTRIBUTION OF FALLOUT PLUTONIUM IN SOME 
SEDIMENT CORES FROM THE BALTIC SEA 
Kristiina Simolaa, Timo Jaatrkola2, Jorina K. Miettinen2, Lauri Niemistö3 and 
Aarno Voipio3 
ABSTRACT 
The concentration and vertical distribution of fallout plutonium in sediments of 
the Baltic Sea were studied by analysing six sediment cores for plutonium-239,240. 
In the cores representing aroas of undisturbed sedimentation a clear maximum 
level of plutonium was found at a depth representing sedimentation in the period 
of maximum stratospheric fallout. In the sediment core from the Gotland Deep 
the maximum 23 'amPu concentration of 27 Bq kg' (730 pCi kg') dry wt was 
found at a depth of 1— 2 cm. In cores representing areas where the sedimentation 
is disturbed by wave action and benthic animals, and where sediment material 
is transported from surrounding areas, the content of plutonium was more evenly 
distributed. In the core from Tviirminne the 2'9'2'15Pu concentration was uniform 
6.13-7.7 Bq kg' (162-207 pCi logi ) dry wt down to a depth of 8 cm. 
Calculated per unit area the total content of fallout plutonium-239,240 in 
Baltic sediments ranged from 22 to 123 IIBq 1cm z (0.6-3.3 mCi km 2 ). 
1) Institute of Radiation Protection, SF-00101 1-Ielsinlci 10, Finland 
2) Department of Radiochemistry, University of Helsinki, SF-00170 Helsinki 17 
3) Institute of Marine Research, SF-00140 Helsinki 14, Finland1 
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INTRODUCTION 
The behaviour of plutonium in the environment has recently become a subject of 
wide interest, due to the large quantities of plutonium which will be produced by 
nuclear industry in the forthcoming decennia. Most of the plutonium released to the 
environment has been produced by atmospheric nuclear weapon tests in the 1950's 
and 1960's. The global fallout from these tests was estimated at 12 PBq (330 kCi) 
of 239,240pu  and 300 TBq (8 kCi) of 238Pu (Hardy et al. 1973). In addition 4,4 PBq 
(119 kCi) of 239,240Pu  deposited near the testing sites. 
Other sources of environmental plutonium have been nuclear weapon accidents 
and satellite accidents the most significant of which has been the burn-up of the 
SNAP-9A satellite in 1964, which introduced 630 TBq (17 kCi) of 238Pu into the 
stratosphere. The total release of plutonium isotopes from fuel-reprocessing plants, 
nuclear power establishments and special nuclear laboratories has been less than 
740 TBq (20 kCi) (Hetherington et al. 1975, Wrenn, 1974). However, these releases 
may be locally significant. 
The global fallout plutonium entering the marine environment is rapidly removed 
from water phase into the sediments (Noshkin et al. 1973). Knowledge of the 
distribution of plutonium and possible migration due to biochemical processes within 
the sediment or the movement of surficial sediment material is important in routine 
surveys of the nuclear industry and in predicting the areal distribution and effects 
of the accidental release of plutonium. 
The deposition rate of plutonium has been reported by Hardy (1974) and Cambray 
et al. (1974). The maximal annual fallout was found in 1963 and a lower maximum 
in 1959. Over 50 % of the deposition of 239,240Pu  occured during 1961-1965, the 
greater part being deposited in the Northern hemisphere (Hardy, 1974). Thus the accu-
mulation of plutonium isotopes in sediments offers an interesting possibility to 
study sedimentation rates and to date sediment layers. 
EXPERIMENTAL 
SAMPLE COLLECTION 
In the Baltic Sea the younger post-glacial sediments covering the glacial deposits are 
unevenly distributed (Gripenberg, 1934). This makes it difficult to obtain samples 
representative of the whole of the Baltic Sea, and being based on only a few cores 
our results must to be considered merely preliminary. 
For successful coring, it is important that the sampling technique prevents 
displacement of the uppermost flocculent material and contamination of the lower 
layers by sediment from the surface layer. In this study the samples were taken with 
a gravity corer consisting of a plexiglass tube surrounded by a stainless steel body, 
and the cores were split into transverse sections of 0.8— 2.0 cm with a special sectioning 
apparatus. The sampling method has been described in detail by Niemistö (1974). 
The sediment cores were collected from the Baltic Sea by various scientist working 
at the Institute of Marine Reseach, Helsinki, the Institute of Radiation Protection, 
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Helsinki, and Tvärminne Zoological Station, University of Helsinki, in 1974, 1975 
and 1977. At locations 3, 4 and 5 sampling was carried out on board R/V Aranda. 
The sampling sites are indicated in Fig. 1. 
SEPARATION AND RADIOASSAY OF PLUTONIUM 
Plutonium analyses were made using the methods reported in the Procedures Manual 
HASL (1972) and by Wong (1971), with slight modifications (Hakanen and Jaakkola, 
1976). The dried and ground sediment samples, ranging in weight from 0.8 to 
10 g were spiked with 0.04-0.08 Bq (1-2 pCi) of 242Pu and digested first for about 
2 h with coned. nitric acid, to destroy organic material, and then for another 2 h 
in a mixture of coned. hydrochloric and coned. nitric acid in Kjeldahl flasks for 
complete leaching. After the samples had been filtered through a fibre glass filter, 
the residue and the filter were returned to the flask and heated in a mixture of coned. 
hydrochloric and nitric acid was continued for 3 h. The sample was then filtered 
again, the residue was discarded and the two filtrates were combined. Shorter digestion 
times were found to be insufficient to remove plutonium from the sediment into 
solution. 
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Fig. 1. Locations of sediment samples analysed for plutonium: 
1. Gulf of Finland, Hästholmsfjiirdon (60022 N; 26°22' E) 
2. Gulf of Finland, Zoological Station, Tvärminne (69°60' N; 23°16' E) 
3. Baltic Proper, Teili (59°25'N; 21°39'E) 
4. Baltic Proper, Fårö, F80 (68°00'N; 19°54'E) 
5. Baltic Proper, Gotland Deep, F81 (67°19,6'N; 20°0.2'E) 
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The solution obtained was evaporated to dryness and the residue was dissolved 
in 8 mol 1-1  HNO3. Plutonium was oxidized to the tetravalent state with NaNO2 . 
The solution was then passed through a column of Dowex 1 ><4  (50-100 mesh), 
which had been converted to nitrate form. The column was washed with 100 ml of 
8 mol 1-1  HNO3 to remove uranium and most of the other heavy metals. In order 
to remove thorium, the column was washed with 100 ml of coned. HCl. Plutonium 
was eluted with a solution of coned. HCl and 1 mol 1-1  NH4 J. 
After the ion-exchange step, plutonium was electrodeposited on a platinum or 
stainless steel disc and its «-activity was determined using a silicon surface barrier 
semiconductor detector and a multichannel pulse height analyzer. The chemical 
yield varied from 40 to 70 per cent. 
According to Koide et al. (1975), the fraction of unleached plutonium in a procedure 
practically identical with ours is less than 6 %. In our study in calculating the pluto-
nitun content of the sediment samples it was assumed that the procedure of wet 
ashing and acid leaching dissolved all the plutonium. The accuracy of our method 
was tested by malting 12 parallel determinations on a homogenized surface sediment 
sample. The mean value was 6.9+0.5 Bq kg-1  (186+14 pCi kg-1) dry wt (+S.D. 
of mean, 1 6). The detection limit with a counting time of 24 h was in practice about 
0.0002 Bq(0.005 pCi) per sample. 
RESULTS AND DISCUSSION 
The distribution of the 239,24OPu in the sediment cores is presented as Bq kg-1  dry 
wt (pCi kg-1  dry wt) in Fig.2 and as mBq cm 2 in Table 1. The shapes of the curves 
of the vertical plutonium distribution vary considerably between the cores, depending 
on many factors, such as the time at which 239,240Pu entered the sea, the sedimentation 
rate, the vertical mixing due to biological or physical processes, and the thickness 
of the core sections. The highest plutonium concentrations were found near the surface 
at depth of 0-8 cm. In all the cores the plutonium concentration decreased sharply 
at a depth of about 6-8 cm. 
Core 1 (Hästholmsfjärden, depth 11 in) represents a small sedimentation basin 
where the rate of sedimentation is some 5 mm a-' (Institute of Marine Research). 
The sedimentary sequence is hardly disturbed neither by the few species of benthic fan-
na found nor by wave erosion. Core 2 (Tvärminne, depth 26 m) is representative of 
areas of uneven sedimentation with mixing of the uppermost part of the sediment. 
In 1970 the concentrations of Pb-210 and Po-210 were determined on a sediment 
from the Tvärminne area (Storfjärden). The concentrations were found to be fairly 
uniform in the uppermost 5 cm of the sediment (Kauranen and Miettinen, 1971). 
This can probably be attributed to bioturbation and to the effect of wave action on 
the sediment surface during strong winds. 
In view of these mixing processes and some terrestrial influence, it is understandable 
that in cores 1 and 2 plutonium is distributed relatively evenly to a certain depth, 
in this case to 6-8 cm. The concentration of plutonium in this part of the sediment 
varies from 3.7 to 7.4 Bq kg-1  (100-200 pCi kg-1) dry wt. 
Stations 3 (Teili, depth 164 m), 4 (Fårö, depth 187 m), and 5 (Gotland Deep, 
depth 235 m) are representative of open sea basins surrounded by areas of 
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Fig. 2. Vertical profiles of 230,°40Pu  concentrations in six marine sediment cores from the Baltic Sea. 
nondeposition or erosion. Anoxic conditions occur frequently preventing bottom 
animals from forming steady populations. In core 3 (Teili) the plutonium concentra-
tion shows a rather large maximum between 2 and 6 cm, 13.7 Bq kg-1 (370 pCi kg-1) 
dry wt. The rate of sedimentation was determined on a core from Teili by the 210Pb/ 
210Po technique in 1974 (Koide et al., 1972). On the basis of this rate, the 1963 sediment 
layer was located at a depth of 4-5 cm in 1974 (Institute of Marine Research, 
unpublished), This is in good agreement with our present results, which indicate 
that in 1975 the maximum plutonium concentration occured at a depth of 2-6 cm. 
In core 4 (Fårö) a broad maximum was found at a depth of 3-7 cm, 9-12 Bq 
leg-1 (250-350 pCi kg-') dry wt. The relatively high plutonium concentration in the 
uppermost 3 cm probably indicates a more or less continuous flow of sediment material 
9 
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from surrounding areas. Determinations of the rate of sedimentation have not been 
made in the Fårö deep. 
The distribution of plutonium in the two cores collected in 1975 and 1977 at 
station 5 (Gotland Deep) differs considerably from that in the cores from the other 
stations. A sharp maximum was observed at a depth of 1-2 cm in the core sampled 
in 1975 and at a depth of 2-3 cm in the core sampled in 1977. The maximum 
plutonium concentrations 27 Bq kg-1  (720 pCi kg-1) dry wt and 15 Bq kg-1  (400 
pCi kg-1) dry wt for 1975 and 1977, respectively, are the highest values found in this 
study. 
The rate of sedimentation in the Gotland Deep was determined by the 210Pb/210Po 
technique on some cores taken in an area where the thickness of the sediment deposited 
during the past 7 000 years is 3-6 m. The rate of sedimentation in this area falls 
within the range of 0.5-1.25 mm a-1  (Niemistö & Voipio, 1974). Assuming that 
the rate of sedimentation in the core studied for plutonium were 0.5 inm a-' and 
using the water content of the upper layers as a criterion of the thickness of an an-
nual layer (cf. Niemistö & Voipio, 1974), it can be calculated that the layer deposited 
in 1963 is found at a depth of 2-3 cm. 
It has been pointed out by many authors that biogeochemical processes in the 
sediments have little or no influence on the mobilisation of plutonium (see for instance 
Edgington & Robbins, 1975). The use of plutonium in rough dating of sediments is 
thus possible in this respect. Although obtained from relatively thick subsamples, 
our results indicate that the maximal fallout of 1963 is found at a depth in the 
sediments which is in agreement with datings made by other methods. In the Gotland 
Deep, where the terrestrial influence on sedimentation is smallest, the vertical distri-
bution of plutonium probably reflects almost solely the stratospheric fallout, and the 
sharp maximum represents sedimentation in 1963-64. 
Besides the 239,240Pu  isotopes, the 238Pu content was also determined on the sediment 
samples. Our results indicated that the ratio of 238Pu to 239,240Pu  was 0.04±0.01. 
According to Hardy et al. (1973) the fallout of 239,240Pu  and 238 Pu in the northern 
hemisphere has been 9.5 PBq (265 kCi) and 340 TBq (9.2 kCi), respectively. Thus 
the ratio of 238Pu to 239,240Pu  is 0.04. 
Table 1 presents the 239,240Pu  contents in the different core sections as mBq eni 2 
with the standard deviation (+1  ) of the radioassay. The integrated values in the 
six cores ranged from 22 to 123 MBq km-2 (0.6-3.3 mCi km-2) (Table 1). These data 
given in the table indicate significant variation in the distribution of 239,240Pu in the 
sediments studied. 
In 1963, during the maximum annual radioactive fallout, the 239,240Pu  deposition 
value in New York was 22 MBq km 2 (0.6 mCi km-2) whereas by 1965 it had decreased 
to 5.6 MBq km-2 (0.15 mCi km-2; Hardy 1974). Using plutonium analyses of soil, 
Hardy et al. (1973) calculated the average cumulative plutonium fallout in different 
latitudial zones. They reported 81±18 MBq km-2 (2.2±0.5 mCi km-2) at latitudes 
of 40-50 °N, 48±7 MBq km 2 (1.3±0.2 mCi km-2) at 50-60 'N and 59±37 MBq 
km-2 (1.6±1.0 mCi km-2) at 60-70 °N. The sampling sites in our study were located 
in the latitudial zone of 56-60 °N and our results from stations 4 (Fårö) and 5 (Gotland 
Deep) are in good agreement with the corresponding cumulative values for soil at 
these latitudes. 
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TABLE 1. Amounts of 239,2 0Pu per unit area in different cores. The integrated values are expressed in 
MBq km 2 (mCi km 2 ) 
The standard deviation of the radioessay (± 1 c$) is indicated 1 D'IBq lcm-2= 10 mBq cm 2 
Location 1 (Hästholmsfjärden) Location 2 (Tvärminne) Location 3 (Teili) 
Sample Dry 239,240Pu Sample Dry 239,240Pu Sample Dry 239,240Pu - 
depth matter') content depth matter2 ) content depth matter3) content 
cm g mBq 0m 2 cm g mBq cm 2 cm g mBq cm 2 
0- 2 6.81 1.74±0.11 0- 1 3.66 0.56±0.03 0- 2 1.6 0.41±004 
2- 4 7.69 2.18+0.11 1- 2 6.65 1.07+0.06 2- 4 2.6 2.48+0.15 
4- 6 8.12 2.70+ 0.20 2- 3 9.69 1.63+ 0.09 4- 6 2.8 3.30+ 0.20 
6- 8 8.60 0.74+ 0.07 3- 4 9.55 1.86±0.11 6- 8 5.7 1.30+ 0.11 
8-10 9.66 0.67+0.07 4- 5 9.28 1.78+0.11 8-10 6.6 0.26+0.04 
10-12 9.80 0.93_+0.07 6- 6 9.27 1.63+0.11 10-12 8.0 0.56+0.07 
12-14 10.10 0.26+0.01 6- 7 10.57 1.59+0.11 12-14 8.9 0.04+0.02 
14-16 11.49 0.19+0.03 7- 8 11.30 1.59+0.07 14-16 9.5 0.41+0.11 
8- 9 11.16 0.44±0.04 16-18 1.0 not detected 
9-10 10.90 0.12+0.04 18-20 10.1 - I>- 
Content peg• 	94± 2 MBq km 2 123 + 3 MBq km 2 88± 3 MBq 1m 2 
unit area: (2.5±0.1 mCi km 2) (3.3 ± 0.1 mCi lcm 2) (2.4±0.1 mCi lcm-2) 
Location 4 (FHrö) Location 5 (Gotland Deep) 
1975 1977 
Sample Dry 239124°P11 Sample Dry 230, 210Pu Sample Dry 239,24OP11 
depth mattera) content depth mattera) content depth mattera) content 
cm g mBq CM-2 cm g mBq cm-2 cm g mBq cm 2 
0-0.8 0.41 0.21+0.03 0-1 0.88 0.44+0.07 0-1 0.98 0.15+_0.04 
0.8- 1.6 0.56 0.30± 0.03 1- 2 0.96 1.30 +_ 0.07 1 - 2 1.34 0.67 +_ 0.07 
1.6-2.4 0.58 0.23+0.02 2-3 1.49 1.04+0.04 2-3 1.63 1.22+0.07 
2.4-3.2 0.59 0.37±0.04 3-4 2.60 0.20+0.02 3-4 2.92 0.11±0.04 
3.2-4.0 0.55 0.32±0.03 4-5 3.46 0.04+0.01 4-5 4.16 0.04±0.01 
4.0- 4.8 0.85 0.54+ 0.05 5- 6 3.66 0.02+ 0.004 6- 6 5.28 0.04+ 0.01 
4.8- 5.6 0.68 0.42+ 0.03 6- 7 4.60 not detected 
5.6-6.4 0.94 0.63+0.06 7-8 4.36 - 
6.4-7.2 1.31 0.62+0.11 8-9 4.08 ->- 
7.2- 8.0 1.71 0.04+ 0.01 
8.0-8.8 2.28 0.35+0.05 
8.8-9.6 2.11 0.01+0.01 
9.6- 10.4 2.11 0.02+ 0.01 
Content per 41± 2 MBq lcm 2 30± 1 \'IBq ](m-' 22± 2 MBq km 2 
unit area: (1.1+0.1 mCi km 2 ) (0.83±0.03 mCi km 2 ) (0.60±0.07 mCi km 2 ) 
1) area of sample 22.7 cm2 
2) ~> 	 39.3 cm2 
3) 2 19.6 cm2 
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TABLE 2. The integrated values of 2ae,2a°Pu  in sediments of different regions of the Northern hemisphere 
Region Latitude 239,240pu content 
MBq lim 2(mCi 1, 	—2 ) 
Reference 
Atlantic Ocean, Buzzards Bay 41°N 85 (2.3) (Noshkin, 1972) 
Pacific Ocean, Santa Barbara 34°N 166 (4.5) (I{oide et al. 1976) 
Soledad 25°N 186 (5.0) ( 
North-western Atlantic 41°N? 56— 156 (1.5— 4.2) (Bowen, 1975) 
Lake Michigan 42— 46°N 7— 159 (0.2— 4.3) (Edgington & Robbins 1976) 
Baltic Sea 56— 61°N 22— 123 (0.6— 3.3) (present results) 
Table 2 presents some values reported in the literature for the cumulative pluto-
nium fallout in sediment in the northern hemisphere. Differences occur in the in-
tegrated values of plutonium of the sediments even within the same region. The 
range of variation of the integrated values in this study, 22-123 MBq km-2 (0.6-
3.3 mCi km 2), is of the same type as the variation found, for example, in Lake 
Michigan, 7-159 MBq km-2 (0.2-4.3 mCi km-2). This variation can be explained by 
difference in terrestrial and hydrodynamical processes. 
Resuspension and transport of sediment may also influence the long-term distri-
bution of long-lived radionuclides. These processes thus deserve particular attention 
in monitoring the impact of radionuclides discharged and making predictions about 
radionuclides distribution. 
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A DEVICE FOR ASEPTIC COLLECTION OF LARGE SAMPLES FROM 
SURFACE WATER 
Pentti Väätänen 
Walter and Andrée de Nottbeck Foundation, Tvärminne Zoological Station, SF-10860 Tvri.rminne, Finland 
ABSTRACT 
A device is described that permits aseptic collection of large samples (5— 10 litres) 
for microbiological and related studies. The sampler is made of inert materials 
and may be operated either by hand or with a winch. 
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INTRODUCTION 
A device constructed for the aseptic sampling of sea and lake water should be as 
simple as possible and meet at least the following requirements. 
It should: 
— be sterilizable 
— be capable of taking aseptic samples 
— be made of inert materials 
— collect a sufficient volume of water 
— be sufficiently robust 
Most of the water samplers developed for microbiological studies (see Rodina 
1965, Sorokin & Jannash 1972, Collins et al. 1973, Litchfield 1976) have some draw-
backs. Samplers which consist of a sterile glass bottle mounted in a frame and are 
activated by pulling out the stopper with a line (Rodina 1965) do not meet the 
requirement of aseptic collection, and the rubber used in some devices, e.g. the 
J-Z sampler (ZoBell 1941), may be toxic to phytoplankters (Throndsen 1970) and 
may contaminate the sample with organic matter (Bertoni & Melchiorri-Santolini 
1972). Schegg (1970) and Throndsen (1970) each made improvements to the J-Z samp-
ler, replacing the rubber tubing with inert silicone tubing and inserting a two-way sys-
tem, which made evacuation of the bottle unnecessary. Bernhard et al. (1974) added 
a stop-cock to the J-Z system and used inert materials. 
Collins et al. (1973) were of the opinion that a sample volume of one litre 
would probably be ample for both microbiological and chemical analysis, but larger 
volumes (up to 5-10 litres) are necessary when the properties determined on the 
sample include parameters which require concentration (e.g. ATP, chlorophyll a). 
None of the above-mentioned devices provides samples of this size. In the apparatus 
developed by Bertoni & Melchiorri-Santolini (1972), the sample volume (10 litres) is 
sufficient for most analyses, but the unsterile inlet tubing of the bottle makes aseptic 
collection questionable. 
The sampler described in this paper was constructed to meet most of the require-
ments listed above and to permit aseptic collection of large samples from surface 
water. 
CONSTRUCTION OF THE SAMPLER 
The sampler is made of inert materials. It consists of the sampling bottle (Fig. 1) 
of 5500 ml volume made of dark brown Pyrex glass, and of the frame (Fig. 2). 
Through the silicone stopper (44 X 38x 36 mm), a two-way systern is inserted, 
consisting of a short glass tube (10 x 8 mm) and a long one. The tubes are bent at 
right angles outside the stopper and to each is fitted a piece of silicone tubing (12)< 
8 mm, length about 35 cm). The other ends of the two pieces of tubing are fitted into 
either end of a piece of dialysis tubing (no. 3787-D22, A. H. Thomas & Co., Philadel-
phia, average pore size 4.8 nm, length 10 to 15 cm), which is fastened over them with 
nylon twine. Pieces of glass tubing may be fitted between the silicone and dialysis 
tubing, to make it easier to pull off the dialysis tubing. A short distance is left between 
the tips of the silicone tubes, or the glass tubes, inside the dialysis tubing and an 
Fig. 1. The sampling bottle equipped with the two- Fig. 2. The frame of the sampler. 
way system. 
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Fig. 4. The sampler after activation. 
Fig. 3. The sampler ready for use. 
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activating nylon twine is fastened to this part of the tubing. A piece of autoclave 
tape is attached to the stopper to indicate that the bottle is sterile after autoclave-
sterilization and to help hold the stopper in place. 
The frame is made of stainless steel (Fig. 2). To offset the buoyancy of the empty 
bottle, a weighted base was made for the frame with pipes of stainless steel, filled 
with lead and welded together to form a rectangle. The weight of the frame is about 
6 kg. 
Two arms (length about 15 cm) projecting from the top of the frame have slits 
for holding the silicone tubes. A bent clamp is hinged to the frame and is closed 
with the aid of a wing nut. 
Small pieces of halved silicone tubing fastened with nylon twine to the bottom 
of the frame and to the clamp ensure that the bottle fits tightly in the frame. A nylon 
line is fastened to the top of the frame with a shackle. 
USE OF THE SAMPLER 
At the sampling location, the dialysis tubing is dipped either in water from the 
sampling depth or in sterile water, in order to soften it and make it easy to pull off. 
If glass tubes are inserted between the silicone and dialysis tubing, softening is not 
necessary since the dialysis tubing softens enough during lowering to be pulled off 
over the smooth glass surface. The bottle is then clamped in the frame. A nylon twine 
is fastened to the dialysis tubing. The silicone tubes are mounted in the slit holders 
and pulled upwards (Fig. 3). 
Before sampling, one should check that the silicone stopper is tightly fitted in 
the mouth of the bottle. The end of the sampler line is fastened to the boat, and the 
sampler is lowered to the desired depth (max. 10-20 m). 
The sampler is activated by pulling off the dialysis tubing with the twine. The 
silicone tubes immediately spring out sideways at the level of the arms of the frame 
(Fig. 4), and sampling begins. Air bubbles escape through the short glass tube, while 
a sample of water is aspirated through the long one. After about one minute the bottle 
is full, which is indicated by the cessation of air bubbling. 
The sampler is hauled up and the bottle is unclamped, the silicone tubing being 
kept raised, to prevent the sample from siphoning out of the bottle. 
DISCUSSION 
Since the beginning of 1976, the apparatus has been in routine use for collecting 
5 500-m1 samples from the surface layer (1.0 in), for microbiological studies in coastal 
waters of the Northern Baltic. The volume of the sample is not fixed; sterilizable 
bottles commercially available have volumes ranging up to 10 000 ml and the frame 
can be constructed to suit the size of the bottle. Collection of still larger samples is 
hampered by the lack of suitable bottles and by the weight of the sampler, which 
becomes too great for manual operation. But 10 000 ml seems ample for most micro-
biological and chemical analyses. 
Besides the large volume of the samples, a further advantage is their aseptic 
collection. The tip of the inlet silicone tubing remains sterile until sampling begins, 
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when it flips out and collects water at a distance of 15-30 cm from the frame and 
the bottle, well away from potential sources of contamination. The pore size (4.8 nm ) 
of the dialysis tubing is small enough to keep all bacteria, from air, water or any 
other source, from contaminating the inside of the apparatus. Another device which 
meets the requirement of aseptic sampling is that of Jannasch & Maddux (1967), 
but the volume of the sample (50 ml) restricts its use to special studies. The J-Z 
sampler and its modifications (Sieburth 1963, Schegg 1970, Throndsen 1970, 
Bernhard et al. 1974) suffer from the minor drawback that the inlet glass tube is 
unsterile outside when broken at the sampling depth and may thus be a source of slight 
contamination (Sorokin & Jannasch 1972). The same applies to the unsterile cutting 
blade and inlet tubing of the Niskin sampler (Niskin 1962). 
_ 
	
	 There is, admittedly, a potential source of contamination in the sampler presented 
here: the ends of the dialysis tubing outside the nylon twine are open, and their inner 
surfaces may not remain sterile after autoclave-sterilization. When the dialysis 
tubing is pulled off, these parts will sweep over the sterile tips of the silicone tubing. 
However, these ends cling to the silicone tubing in the autoclave, and only minimal 
air pockets are left. Thus, the amounts of water from, e.g., the surface film entrapped 
by these pockets when the sampler is lowered are probably insignificant. Moreover, 
they can be prevented by wrapping both ends of the dialysis tubing in aluminium 
-- 	foil before autoclave-sterilization and then, just before sampling, unwrapping them 
and dipping the dialysis tubing in sterile water to prefill the air pockets. 
To avoid chemical contamination, only inert materials are used in the construction 
of the sampler. Other samplers made solely of inert materials are those of Schegg 
(1970), Throndsen (1970), and Bertoni & Melchiorri-Santolini (1972), but those of 
ZoBell (1941) and Sieburth (1963) contain parts made of rubber. 
The two-way system (Schegg 1970, Throndsen 1970) emloyed in this sampler 
has been found to function reliably. So far, about 150 samples have been taken 
without failures. The functioning of the J-Z sampler is sometimes uncertain in the 
surface layer, depending on the success of the evacuation of the bottle. 
Being simple in construction and operation, the apparatus described here seems 
more suitable for collecting large samples from the surface layer than that of Bertoni & 
Melchiorri-Santolini (1972). Besides having unsterile inlet tubing, the latter sampler 
seems rather complicated and fragile. 
The present sampler has some limitations. It is not suitable for collecting samples 
below depths of 10-20 in, because at greater depths the line of the sampler and the 
activating twine may become entangled with each other. It might be possible to 
construct a version equipped with a single cable and a mechanism for pulling off the 
dialysis tubing. The sampler could also be modified for fastening on a hydrographic 
wire, to permit seriatim sampling. However, the pressure resistance of the bottle 
fixes its maximum working depth at approximately 100 metres or less, unless it is 
equipped with a pressure equilibrating system (Bertoni & Melchiorri-Santolini 1972). 
The bottles have proved robust enough for sampling the upper layers, as none of them 
has broken during preparation or sampling. 
An unavoidable drawback with a sampler constructed for collecting large volumes of 
water is the heavy weight (here 12 kg when filled). This sampler may, however, 
easily be fastened to a winch by means of a shackle. 
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In working with the sampler, care should be taken not to tie the twine too tightly 
on the ends of the dialysis tubing, and to avoid touching the dialysis tubing and the 
ends of the silicone tubes with the fingers. 
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A NEW MECHANISM FOR THE van VEEN GRAB,) 
Torsten Sjölund 
	
K. J. Purasjoki 
Tvärminne Zoological Station 
	
Institute of Marine Research 
SF-10860 Tvärminne 
	
P.O. Box 166, SF-00141 Helsinki 14, 
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ABSTRACT 
The authors present a now simpler release mechanism for the van Veen bottom 
grab, to reduce the difficulties experienced in using the original model from small 
boats in rough weather. 
1) Report no. 616 from Tvärminne Zoological Station, University of Helsinki. 
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Fig. 1. The van Veen bottom grab with the new release mechanism. A. The apparatus on a stand before 
setting. A1. The attachment of the flat iron bar to the arm (seen from above). B. The apparatus after 
setting. C. The apparatus after closure. D. The attachment of the release hook to the grab, and the catch 
pin on the upper end of the iron har. D. The same seen from the side. 
Although it is not desirable to alter the van Veen bottom grab after the Baltic 
Marine Biologists have given their recommendations on its construction (Dybern 
et al. 1976), we consider that the following improvement would be worthwhile. The 
modification concerns only the release mechanism, not the size and representativeness 
of the samples. 
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The known weaknesses of the van Veen grab are tangling of the chains with each 
other and the release mechanism, which probably mainly troubles the inexperienced 
user, and the more serious problem of premature closure during poor weather. The 
second disadvantage, which often badly slows down sampling, can be considerably 
reduced by the counterweight mechanism introduced by Lassig (1965), and the 
Baltic Marine Biologists have recommended the use of this modification when needed. 
In our experience, the use of the van Veen grab from motor boats and other 
small research vessels is difficult, if not impossible, when the sea is even slightly 
rough. The complexity of the release mechanism prompted one of us (Sjölund) to 
develop a simpler and more reliable device. The result, which has proved to be very 
handy and successful in use, is shown in the appended sketch (Fig. 1). 
The original apparatus is modified as follows. The releasing mechanism, including 
the two lower chains, is removed and one of the chains extending from the arms is 
replaced with a flat iron bar, of the same length, which is fitted to the arm with a 
bolt (A1). The chain on the other side is fastened to the upper end of this bar, and 
the entire grab hangs by a hole in the top of the bar. A hook is fitted to the ring near 
the beginning of the other arm, where the lower chain was attached in the original 
mechanism (in the grab illustrated in the figure, the hook is bolted to a lug on the 
jaw). When the grab is set, this hook fits over a catch pin protruding near the top 
of the iron bar. When the grab touches the bottons or is put on a stand, the hook is 
released from the pin. The most suitable shape for the hook was arrived at by 
experiment. When the hook slips off the pin, it stays in a position that makes resetting 
easy, and resetting is also facilitated by the fact that the head of the hook is bent 
sideways (D1). The hook is raised with a finger till it fits over the pin again, and the 
apparatus is then ready to be lifted from its stand for the next sampling. 
The following points should be noted when the new release mechanism is fitted. 
The grab must be set in such a way that the jaws will not spread when it touches the 
bottom. The location of the fastening link (hole) is important, since the apparatus 
must hang in a horizontal position. Finally, the remaining chain must be of the right 
length, so that the two jaws close simultaneously. 
In the grab shown in the figure, the arms have been cut, shortened and welded 
together again in a position that differs from the original one, but this modification 
is probably not necessary. 
31(omscripl. received 31.10.1978 
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METHODS FOR STUDYING BENTHIC MACROFAUNA. 
AN INTER CALIBRATION BETWEEN TWO LABORATORIES IN THE 
BALTIC SEA*) 
Sven Ankars, Ann-Britt Andersin2, Julius Lassig2, Lars Norling3 and Henrik Sandier' 
ABSTRACT 
Two similar methods of studying benthie macrofauna, one used by a laboratory 
in Sweden and one in Finland, were intercalibrated. The comparability of the 
results derived by the two methods was investigated. 
With the aid of van Veen grabs (0.1 m2), samples were collected from a mud 
bottom off Askö Island (northern Baltic proper). The macrofaunal mean abun-
dances and biomassas as well as size distributions were compared statistically. 
Abundance and size distribution tended to be more suitable objects for comparison 
than biomass. The most suitable objects for this purpose were the means of the 
most abundant species and the totals. The differences. vare considerable, especially 
for the size distributions, which differed significantly for all species tested. The 
most marked divergencies were found in the number of small specimens. The most 
likely causes of the discrepancies in the results were the construction of the grabs, 
the sieving techniques and to some extent the sorting and preservation methods. 
*) The administrative report to the National Swedish Environment Protection Board regarding this 
interealibration has been written by S. Ankar (1976). 
1  Askö Laboratory, Stockholm University, Box 68, S-160 13 Trosa, Sweden. 
9 Institute of Marine Research, Box 166, SF-00141 Helsinki 14, Finland. 
3 National Swedish Environment Protection Board, Fack, S-121 20 Solna, Sweden. 
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INTRODUCTION 
The standard methods for benthic macrofauna studies used by the Askö Laboratory, 
University of Stockholm, Sweden, and the Institute of Marine Research, Helsinki, 
Finland, were compared at the Baltic Sea Expert Meeting on Intercalibration of 
Biological and Chemical Methods, Askö June 8-15, 1974. The intention was not to 
cover all the problems of macrofauna sampling and sorting, but to indicate any 
differences and weaknesses in the methods in general and to investigate the compara-
bility of the results obtained with the different methods. This paper only briefly 
describes the two methods and points out their main differences. The treatment of 
the samples is discussed more comprehensively in the final administrative report 
of this meeting (Ankar 1976). 
The intercalibration was arranged and sponsored by the National Swedish 
Environment Protection Board, with the Askö Laboratory as host. The statistical 
analyses were performed by Lars Norling. 
MATERIALS AND METHODS 
INVESTIGATION AREA 
The sampling was carried out in the bay Yttre Hållsfjärden off Askö Island, northern 
Baltic proper (Fig. 1). The salinity of the bottom water is about 7 %. The depth at 
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Fig. 1. Sampling site (s), Decca position: chain 4 B, green B 32.94, purple C 58.01, and the location 
of the Askö area in the Baltic Sea. 
SF S 
weight 24 ]cg 25 kg 
sampler volume 21 1 22 1 
sampling area 0.117 ni 0.103 m' 
window area 33.2 cm' 624.0 em2 
window area 
of upper area 4.8 % 46.0 % 
mesh size of 
window net 0.6 x 0.6 mm 0.5 x 0.5 mm 
inner breadth of jaws 
small jaw (a l ) 32.0 cm 30.7 cm 
big jaw (a2 ) 33.0 cm 31.5 cm 
length of jaws 
small jaw (b l ) 19.0 cm 19.0 cm 
big jaw (b2) 19.5 cm 19.4 cm 
length of upper sides 
small jaw (e l ) 21.5 cm 21.5 cm 
big jaw (c2) 21.5 cm 21.5 cm 
length of arms 
small side (d l ) 58.0 cm 71.0 cm 
big side (d 2 ) 58.5 cm 69.0 cm 
length of chains 
small side (e l ) 86.0 cm 73.0 cm 
big side (e2) 85.0 cm 73.0 cm 
clistance between 
open jaws (f) 36.0 cm 33.3 cm 
height (g) 7.0 cm 9.0 cm 
S 
0 
Upper sides of the grabs: 
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the sampling site was 34 in and the sediment a non-stratified soft dark grey clayey 
mud with a thin brownish surface layer and a strong smell of HZS. The bottom 
substratum contained abundant Mytilus-periostraca and decaying filamentous algae. 
The benthic community was fairly typical of this area, with a low number of macro-
fauna species dominated by two abundant Pontoporeia species. 
Other differences: The Swedish grab has a 
S F 	 square plate attached to the hook, to prevent 
premature closure of the grab in rough seas. 
The sampling area of the Swedish grab can be 
adjusted with screws attached to one of the 
arms. 
Fig. 2. The dimensions of the standard van Veen grabs used by the Institute of Marine Research, Fin-
land (SF), and the Ashö Laboratory, Sweden (S). 
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SAMPLING 
The van Veen grab is traditionally used in most macrobenthos studies in the Baltic Sea. 
Because of the simple construction of the grab, its reliability, especially on soft 
bottoms, and its moderate weight, it was recommended by the Baltic Marine Biologists 
(BMB) (Dybern et al. 1976) as the main tool for macrofauna sampling in the Baltic. 
In this study both laboratories used their regular 0.1 m2 van Veen grabs (Fig. 2); 
see Dybern et al. (1976) for divergences from the BMB recommendations. Five 
samples were taken with the Finnish grab followed by five with the Swedish sampler. 
The research vessel was then moved about 50 m to avoid sampling on earlier digging 
spots and the sampling procedure was repeated. 
DETERMINATION OF SAMPLE VOLUME 
The grabs were emptied into plastic vessels. The sediment volume was calculated 
by taking direct readings in graduated vessels (Finnish method) or randomized depth 
readings with a ruler (Swedish method). 
SIEVING 
Both laboratories used rectangular stainless steel sieves manufactured by Keturi 
metal workshop, Helsinki, Finland. 
Finnish set 	 Swedish set 
4 x 4 mm net 
	
1x1 mm net 	 1x1 mm net 
0.6 x 0.6 mm net 0.5x 0.6 mm net 
A water jet was led into the plastic vessels, and suspended portions of the sediment 
were decanted into the sieving sets. Visible animals were hand-picked from the 
1 mm sieve (Finnish method) and from the 4 mm sieve (Swedish method). In the 
Finnish method the sieves were cleaned between each pouring, the residues were 
washed into one corner of the sieves, and the sieving residues in each sieve were 
washed into jars with a formaldehyde solution. In the Swedish method, the sieves 
were not cleaned until the entire sample had been sieved. The sieving residues were 
then washed into jars with sea water and formaldehyde solution was added. 
Both laboratories used buffered formaldehyde solutions, although in somewhat 
different concentrations. The final concentrations were: 
Finnish solution 
	
Swedish solution 
Formaldehyde 
	
1.4 % (w t. %) 
	
3.6 % (wt. %) 
(= 4 % formalin) (= 10 % formalin) 
Buffer: 
hexamethylen.etetramine 	 8.0 g 1-1 	 20 g 1-1  
Dye: rose Bengal 	 0.16 g 1-1 0.4 g 1-1  
Solvent 	 fresh water 	 filtered sea water 
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To ensure quicker and more efficient sorting (cf. Starling 1971, Williams and Williams 
1974, Williams III 1974), the whole of the Swedish material was stained, but only the 
0.6 mm fraction of the Finnish material. 
SORTING AND COUNTING 
The coarse fractions were sorted in their entirety, whereas, for the sake of speed, 
the finer fractions were subsampled and only partly sorted. Most of the animals 
were determined into species, but oligochaetes and ostracods were treated as collective 
groups. The heads of broken animals were counted as individuals, and the hinges 
of bivalve shells with adhering pieces of shells and tissues were regarded as specimens. 
Small portions of the coarse fraction were sorted by the naked eye, the Finnish 
hand-picked fraction on a black plate (o 16 cm) equipped with six sectors and the 
Swedish samples in white soft plastic dishes. The Finnish sieving residues were 
sorted in Petri dishes with the aid of a dissecting microscope (Wild M5, magnification 
6x). Both the Finnish and Swedish samples were searched through at least twice and 
shaken before each search. 
The 0.6 mm and 0.5 mm samples were split into eight equal parts, in either a 
Folsom plankton splitter (1VIcEwen et al. 1954, Finnish material) or a sample divider 
(Elmgren 1973, Swedish material) and two aliquotes per sample of the Finnish 
material and one per sample of the Swedish material were selected at random for 
sorting. The Finnish subsamples were treated in the same way as the sieving residues 
of the coarse fraction, except that only the "true" macrofauna was picked out 
quantitatively. The Swedish subsamples were sorted in a grided Petri dish with the aid 
of a dissecting microscope (Sterimag 1, Vickers Instruments Ltd, England, 
magnification 20x). 
MEASUREMENTS FOR SIZE DISTRIBUTION 
Halicryptus spinulosus and polychaetes were straightened and measured from the 
edge of the head to the end of the body; straightened crustaceans were measured 
from the tip of rostrum to the end of the telson. Bivalves were measured according 
to their greatest shell length. Only intact specimens of the coarse fractions and 
temporary macrofauna in the finer fractions were recorded. The individuals were 
measured under dissecting microscopes (Wild M5) with measuring oculars, the 
Finnish material under water (accuracy 0.17 mm) and the Swedish material blotted 
on glass slides (accuracy 0.05-0.13 mm). Blotted bivalves of the Finnish material 
were measured with vernier callipers (accuracy 0.1 mm). The size distributions of 
the two Pontoporeia species were based on randomized subsamples. 
BIOMASS DETERMINATIONS 
A decrease in wet weights during the first weeks of preservation had been observed 
in earlier experiments at the Finnish laboratory (unpublished results), thus it was 
decided not to determine the wet weights until at least one month after the materials 
had been preserved. It was assumed that by then the weights would have attained 
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equilibrium (cf. Lovegrove 1966, Howmiller 1972, Lockwood 1973, Lappalainen & 
Kangas 1975, Lockwood & Daly 1975). The shells and tissues of bivalves were 
treated separately. 
Wet weight: The specimens were cleaned with tap water and blotted. The Finnish 
material was weighed in closed weighing vessels on a Mettler balance (H 10 T, accuracy 
0.1 mg) and the Swedish in closed pre-weighed aluminium foils on a Mettler balance 
(H 20, accuracy 0.01 mg) for the coarse fraction and on a six decimal electrobalance 
(Chan Instruments, Ventron Corp., Paramount, Calif., USA) for the fine fraction. 
Dry weight: The Finnish coarse fraction samples were dried in small paper boxes 
at 70 °C for 24 hours, cooled in a desiccator for 1 to 2 hours (Lappalainen & Kangas 
1975) and then weighed in open weighing vessels. The Swedish samples were dried 
in aluminium foils at 60 °C (cf. Dybern et al. 1976) until constant weights were 
obtained; the foils were then closed, cooled in a dessicator for several days, and 
weighed. 
STATISTICAL METHODS 
As a nullhypothesis it was assumed that no differences existed between the two 
sampling series and the comparison was performed at the 5 % significance level. 
The data were corrected for the different biting areas of the grabs; the t-test was 
then used on original data or data converted to natural logarithms. 
This was done when the values were of more or less normal distribution and 
variances were similar. Otherwise the Mann-Whitney test (Dixon and Massey 1957) 
was used alone or to complement the t-test. The Smirnov test was applied to compare 
the size distributions (Conover 1971). 
The statistical analyses were carried out on the species and total means of the 
abundances and biomasses of the coarse fractions as well as on the abundance means 
of the pooled coarse and fine fractions. Meiofauna species were not sampled quan-
titatively and were not included in the comparison. 
RESULTS 
SAMPLING 
Since the research vessel was moved during the sampling (see page 150), the total 
mean abundance of the first five samples was compared statistically with the last 
five samples within each sampling series. Significant differences were not obtained. 
This indicates that the samples within each series might belong to the same 
population. 
SAMPLE VOLUME 
An average of about 3.5 litres more sediment was collected with the Swedish grab 
(19.8+0.9 1) than with the Finnish sampler (16.4+1.4 1). None of the samplers was 
ever completely filled. 
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TABLE 1. Comparison between mean abundance + standard deviation (id/m') (u= 10) of different 
sieving fractions derived from the Finnish (SF) and Swedish (S) grab samples. Others include Turbel-
laria, Nematoda and Chironomidae. Significantly different mean values, tested at the 5 % significance 
level, are indicated with yes. 1) t-test, unconverted values. 2) t-test, values converted to logarithms. 
3) Mann-Whitney test. 
Taxon 
Coarse fraction 
(1 mm fraction) 
SF 	S 
Signifi- 
cance 
Fine fraction 
(0.6 nim) 
SF 
(0.5 mug) 
S 
Pooled fraction 
SF 	S 
Signifi-
canoe 
Halicryp6us spinulosus 20±11 28±17 no 21±26 30±55 40±36 67±67 no 
Har)nolhoe sarsi 75±25 100+ 38 no 2  13±16 62±49 88±20 102±56 yes' 
Terebellides s1-oenmi 1 +_ 3 1 + 3 
Oligochaeta 7±8 1±3 489± 248 1±3  496± 251 
Piscicola geonietra 1 ± 3 1 + 3 
Ostracoda 501±455 1149±600 15870±5197 1149±600 16369±5440 
Pontoporeia affinis 1509±192 3741±716 yes' 2163±434 823±334 3686±564 4567±784 yes',' 
P. femora1a 496±213 1011±206 yes' 489±129 79±104 975±313 1088±248 no' 
Ga>nniarus saliuus 2+ 6 2+ 6 
Hydrobia sp. 1 ± 3 1 ± 3 
Cardium sp. 1 ± 3 1 ± 3 
Mytilus edulis 3± 6 3± 5 
Macomn. boltica 42± 23 68±37 yes' 15±33 210± 142 57±43 278± 166 yes' 
Others 1276 
Total 2143 6464 3861 18847 6996 22766 
Total excluding Oligo- 
chaeta, Ostracoda 
and others 2143±296 4956±930 yes 3 2701±519 1213±371 4838±752 6157±1030 yes' 
TABLE 2. Comparison between mean biomass + standard deviation (g/m') (n= 10) of macrofaima 
fractions derived from Finnish (SF) and Swedish (S) grab samples. Significantly different mean values, 
tested at the 5 % significance level, are indicated with ves. Further explanations in text to Table 1. 
Coarse fraction (1 anm fraction) 
Wet weight Signifi- Dry weight Signifi- Taxon 
SF S tante SF S 	cance 
Halicryptus spinulosur 0.46± 0.82 0.12± 0.16 no Z,a 0.06± 0.11 0.01 ± 0.02 no z>a 
Harmothoe saisi 0.19±0.07 0.31+0.14 no 2,3 0.03±0.01 0.04± 0.02yes=,3 
Ostracoda 0.13±0.13 0.05±0.04 
Pontoporeia affinis 8.11+0.84 12.06±1.86 yes' 1.64±0.15 2.03±0.34 yes 2 ,' 
P. femorala 2.14± 1.03 2.82±0.94 no',' 0.40±0.18 0.60±0.17 no 2,' 
Maconia baltica, including shells 5.97±4.40 6.57±4.83 3.37±2.64 3.03±2.67 
excluding shells 2.62± 1.85 2.80± 2.33 no' 0.38+_ 0.25 0.46± 0.37 no 
Others <0.01 0.02 <0.01 <0.01 
Total, 
including shells, 16.93± 4.28 21.02± 6.04 5.51± 2.62 5.66± 2.83 
excluding shells, Ostracoda 
and others 13.56±2.08 18.12±3.89 yes',' 2.51±0.28 3.04±0.66 yes l,' 
154 
FAUNAL COMPOSITION 
The faunal composition of the two sampling series was very similar, except that the 
Swedish material contained more rare taxa (Table 1). 
ABUNDANCE, BIOMASS AND SIZE DISTRIBUTION 
The significantly different results at the 5 % level for the abundances and biomasses 
are given in Tables 1 and 2. The total mean abundances of the pooled fractions 
(Table 1) and the total mean wet weights of the coarse fractions (Table 2) differed 
significantly at the 1 % level. 
SF 
Pontoporeia femorata 
!15 ind. m'' 
•
/ 
s 
oeo 
fl Pontoporeia femorata 1086 Ind, of 
LnngIb In mm 
Fig. 3. The percentage size distributions of Pontoporeia affiiiis and P. feHroralrr. The dark fields of the 
bars represent the finer fractions and the unfilled parts the coarser fractions. The values at the top of 
the bars show the number of individuals per square metre (means). SF=Finnish values, S=Swedish 
values. 
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Despite strong differences between the materials, the means did not differ 
significantly in all cases, particularly when the species were low abundant and/or 
showed discontinuous distributions. 
The most striking difference between the two materials was found in the abundance 
values, especially in the numbers of small specimens, which were consistently lower 
in the Finnish pooled fraction (Table 1). This phenomenon was reflected strongly in 
the size distributions (Figs. 3 and 4) and, as could be expected, the statistical test 
revealed clearly significant differences (at the 1 % level) for all size distributions 
tested. Macoma baltica and Pontoporeia spp. may serve as examples: about five times 
as many individuals of JV1. baltica were found in the Swedish pooled material as in 
the Finnish. The abundance of the two Pontoporeia species in the Swedish coarse fraction 
was twice that in the Finnish (Table 1). Many of the small Pontoporeia individuals 
absent from the Finnish coarse fraction were then found in the finer fraction (Table 
1 and Fig. 3). Such great differences were not observed in the biomass values of the 
coarse fraction (Table 2), because of the small contribution to the biomass by these 
tiny organisms. 
i. 	 i 
SF < SF 	SF 
1' 	Macoma baltica 	 Halicryptus 	 Harmothoo 
sr ia. m 	 spinulosus sarsi 
40 Imd. m 	 SI l.d. m' 
ao 
Ley,h 
 
S S 
Halicryptus Harmothoe 
spinulosus sarsi 
ar,,d.mr uoM.mr 
1' 	r L,ngih H mm 	
rr rr i 	r 	
r Lanp~h N mm ' 	r 	'o 
Fig. 4. The percentage size distributions of Macona baltica, Halscr,yptus sp:nulosus and Harro€hod sarsi. 
Further explanations are given in Fig. 3. 
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DISCUSSION 
The most striking difference between the two materials was the low agreement in 
the numbers of tiny organisms; it was, however, not possible to detect the main reason 
for this since the results may have been affected by a combination of factors. 
SAMPLING 
There was no indication that the first five samples collected and the last five belonged 
to different populations (see page 152); therefore, it is not likely that the discrepancies 
were clue to the shifting of the ship during sampling. 
SAMPLING GEAR 
Comparisons between the van Veen grab and other samplers have been performed 
by many investigators including Thamdrup (1938), Ursin (1954, 1956), Birkett (1958), 
Longhurst (1959), Gallardo (1965), Lie and Pamatmat (1965) and WVigley (1967). 
Several of these have indicated that the van Veen grab is one of the best quantitative 
samplers available. 
One of the greatest disadvantages of this grab is, however, the restricted flow of 
water through the grab when lowered, and the pressure wave thereby built up in 
front of the sampler (Wigley 1967, Ankar 1977a). This shock wave may sweep away 
the light surface layer, including an unknown portion of the animal population. 
To reduce the shock wave, the upper sides of the grabs have been fitted with fine 
nets (Fig. 2). Nearly half of the upper area of the Swedish grab was covered with 
net but only 5 % of the Finnish tool. This difference in construction is obviously 
very important for sampling efficiency, especially of tiny organisms (the smaller 
the opening, the stronger the pressure wave). About 10 % of the macrofauna 
abundance and only 0.5 % of the biomass occur in the topmost first centimetre of 
the sediment on this bottom type (Ankar 1977b, page 10), indicating that the smallest 
animals live close to the surface. Later, the Finnish group compared the sampler 
they used in this investigation with a new one equipped with enlarged windows 
(coverage 47 %); about 1.5 times as many individuals were collected with the new 
grab (Andersin & Sandler in press). Although that comparison was not carried out under 
conditions fully comparable with those prevailing at the intercalibration at Askö, 
the result showed that the window area clearly affects sampling efficiency. 
The somewhat smaller sample volumes collected with the Finnish gear than with 
the Swedish may indicate shallower penetration by the Finnish grab owing to its small 
openings and lower weight or other differences of construction. Nevertheless, it is 
assumed that the different penetration depth of the grabs did not affect the results, 
since the macrofauna at this site dwell in the uppermost five to six centimetres of 
the sediment (Ankar 1977b), and both grabs had sufficient penetration to cover this 
depth (Ankar 1977a). 
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SIEVING 
The main difference between the sieving procedures, apart from the different sieving 
sets, was that in the Finnish method but not in the Swedish, the sieves were cleaned 
several times during the sieving of each sample. Hence greater clogging and a greater 
retaining effect could be expected in the Swedish method. In the Finnish material 
the majority of the Pontoporeia specimens smaller than 3.5 mm was found in the 
finer fraction and in the Swedish material in the coarser fraction (Fig. 3). This could 
explain the great difference between the abundance ratios of coarse fraction to fine 
fraction in the materials and to some extent also the lower abundance of tiny specimens 
in the Finnish material, eg. the lack of the 0-year class of Havmothoe sarsi (Fig. 4). 
The effect of the somewhat bigger mesh size in the Finnish fine sieve should not be 
discounted. 
This is, however, not strictly the case for the two Ponloporeia species; from the size 
distributions it is possible to calculate that specimens 3.5 times as long as the mesh 
size of the nets could slip through the sieves used. If the size classes of young 
Pontoporeia suspected to slip through a 0.6 min mesh net (3.5 x 0.6=2.1 mm) were 
disregarded, the pooled abundance values did not change very much and were still 
higher in the Swedish material. On the other hand, the abundances of the older 
generations were identical in both sampling series (Table 3). 
TABLE 3. Total abundance values, found for Pontoporeia femorala and P. offinis, compared with 
hypothetical abundance values when the smallest size classes are excluded. Pontoporeia specimens 
smaller than 2.1 mm can be assumed to slip through the 0.6 min sieve, see p. 157. The specimens greater 
than 4.5 mm forms the older generation (cf. p. 167). 
Species 
Individuals per square metre 
Total >225 mm > 3.25 mm >4.25 mm 
SF 	S SF 	S SF 	S SF 	S 
Pontoporeia femorata 975 	1088 963 	1077 460 	454 451 	438 
P.ctffinis 3686 	4557 3637 	4626 1607 	2343 1372 	1365 
PRESERVATION AND SORTING 
The different formaldehyde concentrations used may have affected the biomass 
values, but preliminary results for Pontoporeia affinis and lllacoWu baltica kept in 
different formaldehyde concentrations indicate that the influence on the weights 
was so small that it could well be neglected in this case (Andersin, Lassig and Sandler 
unpubl.) 
Nevertheless, it was shown that the shells of the youngest bivalves may dissolve 
within a few months after preservation in the lower concentration of the buffer (see 
p. 150) used by the Finnish laboratory. Thus, the likelihood that some of the young 
stages of Macouia were lost when the Finnish material was sorted cannot be excluded. 
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The deviation in size distributions, best illustrated by the peaks of the 0-year and 
1-year classes of the two Pontoporeia species (Fig. 3), may be an outcome of the 
different straightening of the animals when measured. 
BIOMASS DETERMINATION 
A comparison between the dry to wet weight ratios of the species give some idea of 
the agreement between weighings (Table 4). The ratios in both materials showed 
unexpectedly narrow dispersions for the most abundant species, whereas a comparison 
between the two materials revealed some differences in these ratios. The suspected 
cause of these discrepancies was dissimilar blotting, and not the weighing procedure 
itself. 
TABLE 4. The percentage ratio of dry weight to wet weight (mean + standard deviation) for the most 
abundant species according to weighings in the Finnish (SF) and Swedish (S) laboratories. 
Species SF S 
Halic -yptus spinulosns 15.2± 3.3 12.7± 5.7 
Harmotl2oe sarsi 13.4+ 1.9 14.1 + 1.4 
Ponloporeita femorala 19.0± 0.7 17.7± 0.7 
P. affinis 20.3±0.8 16.8±0.5 
Dlaconaabaltica 54.5+6.0 53.3+5.4 
CONCLUSIONS 
Both laboratories adhered as far as possible to the recommendations of the BMB 
(Dybern et al. 1976) and yet the results of the intercalibration differed. This is 
surprising and indicates that despite all efforts to use standardized methods, great 
differences may still exist between results obtained by different investigations in 
the Baltic Sea. 
The window areas on the upper side of the samplers should be as large as possible 
in order to reduce the pressure wave. 
It is recommended that, whenever possible, a 0.5 x 0.5 mm sieve should be used 
in addition to the obligatory 1 mm sieve. 
Abundance and size distribution proved more suitable than biomass for comparing 
sampling efficiencies of grabs and sieving efficiencies as long as the penetration of 
the samplers used is deeper than the vertical distribution of the fauna. 
There is obviously a need for supplementing the BMB instructions on macrofauna 
methods with more detailed information on the sieving technique. 
Further intercalibrations of the separate steps of macrofauna quantifying are 
urgently needed. 
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THE YEARS 1919-1939 
INTRODUCTION 
The Institute of Marine Research in Finland has reached a milestone in its existence: 
On 19th November 1978 sixty years had passed since it was founded as a state in-
stitution. To be sure, more or less systematic marine research work, physical, biological 
and chemical, had been performed in Finland since the end of the nineteenth century, 
but this work was clone under the auspices of the Finnish Society of Sciences (Societas 
Seientiarum Fennica). Finland had not completed her first year as an independent 
state when the government decided to found a marine institute in spite of the numerous 
difficulties it had to overcome at that time. 
Nevertheless, there were several factors which considerably facilitated the work 
of the government. A prospective professor, Rolf Witting, was available. He was well 
acquainted with all the problems related to marine studies in Finland. Witting had 
participated in the marine research of the Finnish Society of Sciences since 1902 and 
directed it since 1911. He was therefore able to visualize the activities of the future 
institute and outline the programme of its work. He was also, without doubt, the 
most suitable man to be nominated as the first director of the new state institution. 
THE ACTIVITIES OF THE INSTITUTE 
The activities of the Institute of Marine Research were at the time of its foundation 
limited to the physical and chemical branches of oceanography. Marine biology had 
to wait for several decades before it could be incorporated in the scope of the research 
of the institute. Witting was fully aware that there should be four separate sections 
in the nerv institution: a hydrographical section, in the proper sense of the word, 
forming the base for all oceanographic studies; a sea-level section, since this research 
branch had long traditions in Finland; an ice section, largely justified by the northern 
geographical position of the country: and, finally, a chemical section. For financial 
and other reasons, the four sections required were never founded. Hence, according to 
Witting, hydrographical world forming not only the base for all oceanographic studies 
but also assisting the research activities of the other branches could be incorporated 
into the other sections. Owing to the pronounced seasonal character of its activities 
most of the actual hydrographical work was allocated to the ice section. The inner 
structure of the institute was thus in many respects fairly individual. 
PROFESSOR ROLF WITTING 
The new institute started its work on ist January 1919 under the able leadership 
of professor Witting. This distinguished scientist was a well-known personality not 
only in Finland but also among oceanographers from other countries, since he had 
represented Finland at various international marine congresses even before 1919. 
It should perhaps be pointed out that Finland was one of the founder countries of the 
International Council for the Exploration of the Sea in 1902, although at the time 
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she was not yet an independent state. Witting's scientific qualifications included 
numbers of publications mainly concerned with marine problems connected with 
the Baltic Sea. Probably his most important paper is an extensive publication on 
land uplift in the Baltic and in the North Sea (Hafsytan, geoidytan och landhöjningen 
utmed Baltiska hafvet och vid Nordsjön). Witting's interest in variations in sea level 
is seen in his proposal, when he was secretary of the International Association for 
Physical Oceanography, that an International Committee on Mean Sea Level be 
established. This committee is still active to day. 
THE FIRST SECTION CHIEFS 
The first heads of the three sections of the Institute of Marine Research were Dr. 
Henrik Renqvist, responsible for the sea level section, Dr. Kurt Buch, who directed 
the chemical section and Gunnar Granqvist, M. Sc. who handled the work of the 
combined ice and hydrographical section. 
THE SEA LEVEL SECTION 
The different tasks faced by the heads of section were by no weans easy. The various 
functions of the institute had to be organized on a stable basis and the number of 
observational stations that had been operating for years had to be considerablyenlarged. 
For example, before 1919, apart from a number of tide poles, only two self-registering 
sea level stations had been functioning along the Finnish coast. In 1925 the number 
had already increased to fourteen, and seven years later to eighteen. One of the nerv 
tide gauge stations that deserves special mention was the self-registering apparatus 
erected in Liinahamari in the Petsamo region. It was the institute's first attempt to 
start regular observations on the coasts of the Arctic Ocean. In due course the second 
head of the sea level section, Dr. S. E. Stenij, performed the harmonic analysis of 
tidal phenomena at Liinahamari. Numerous tide tables for the station were published 
until the second world war and its grave consequences for Finland made them 
redundant. 
The creation of the numerous new sea level stations involved considerable practical 
work. In this connection a significant detail was the construction of a self-registering 
apparatus suitable for conditions in the Baltic Sea. In close collaboration with Witting, 
Renqvist examined a number of different types. They finally came to the conclusion 
that the best solution was an apparatus which by means of different coloured pencils 
reproduced sea-level fluctuations on a natural scale. The apparatus bears the name of 
Renqvist-Witting. These instruments have, as a rule, functioned very satisfactorily, 
some of them for well over 50 years. 
In addition to the field work, the revision and publication of the older and the 
current sea level data were highly time consuming. The pressure in the sea level 
section was somewhat relieved when Gustaf Järnefelt, 11I.Sc. was appointed assistant 
for a short time. He was later followed by S. E. Stenij, M.Sc. who worked at the 
institute first as an assistant and between the years 1933-38 as the head of the sea-
level section. 
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An important part of the activities of the section consisted, however, of purely 
scientific studies. Also scientists from outside the section participated actively in this 
research. As mentioned above, Witting was highly interested in the problem of land 
uplift and in determining its rate. Also Renqvist tackled this question in a number 
of publications. Stenij, on the other hand, was very interested in the theoretical aspects 
of sea level studies. One result of his efforts was the publication: "Zur Theorie der 
Wasserschwingungen in einem begrenzten Wasserbecken". In addition, Stenij 
analysed the causes of a devastating flood in the inner parts of the Gulf of Finland in 
1924. Dr. Erik Palmen, who at that time mainly worked as an assistant in the ice 
section (and the proper hydrography) examined several problems based on sea-level 
data and published a few significant papers on the slope of the water surface and the 
discontinuity layer. 
During summer cruises in 1927-28 an extensive echo-sounding programme was 
carried out on the Bothnian Bay under the leadership of Renqvist. The final result 
of this research was a bathymetric chart, based on no less than five thousand soundings 
of the Bay and the adjoining areas. Taking into account the early date of the study 
it must without doubt be considered as the work of a pioneer. 
THE ICE SECTION 
As already mentioned, sea-level observations had been performed in Finland 
before the founding of the Institute of Marine Research. In fact pole observations 
had been carried out since the middle of the nineteenth century and are among the 
oldest continuous series of sea level data. Also ice observations have long traditions 
in Finland. Since 1915 there had been a programme for reporting ice conditions 
around the Finnish coasts. At the newly founded institute this programme had to be 
considerably developed and enlarged. The number of ice-reporting stations was 
increased, and during the first active years of the institute it reached ninety. 
It was in connection with ice reporting, essential for most of the countries around 
the Baltic Sea, that close collaboration started between the Institute of Marine 
Research in Finland and the corresponding institutions in the neighbouring countries. 
To begin with, each country used its own ice code system. Thus, it was not long before 
there were no less than five systems. The need of a uniform code system was obvious. 
In 1925 the "Deutsche Seewarte" in Hamburg invited the relevant institutes to 
attend a meeting to discuss this question. In addition to Germany and Finland, 
Sweden and Denmark participated in this conference. Since ice conditions differ 
greatly in the northern and in the southern parts of the Baltic, it was neccessary to 
make use of two separate code systems, the northern one for use in Finland, Sweden 
and Estonia. 
The next important step in ice reporting in Finland was the introduction in 1927 
of a descriptive report to be read by the Finnish Broadcasting Corporation in Finnish, 
Swedish, German and, in abbreviated form in English. 
In February 1938 the first Baltic Ice Week was organized by the Institute of 
Marine Research. During this week all the countries around the Baltic Sea performed 
ice observations using the same programme. Although the winter 1937-38 was very 
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To begin with, each country used its own ice code system. Thus, it was not long before 
there were no less than five systems. The need of a uniform code system was obvious. 
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Sweden. and Denmark participated in this conference. Since ice conditions differ 
greatly in the northern and in the southern parts of the Baltic, it was neccessary to 
make use of two separate code systems, the northern one for use in Finland, Sweden 
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The next important step in ice reporting in Finland was the introduction in 1927 
of a descriptive report to be read by the Finnish Broadcasting Corporation in Finnish, 
Swedish, German and, in abbreviated form in English. 
In February 1938 the first Baltic Ice Week was organized by the Institute of 
Marine Research. During this week all the countries around the Baltic Sea performed 
ice observations using the same programme. Although the winter 1937-38 was very 
mild and the southern parts of the Baltic were completely icefree, the experiment 
showed that such ice weeks should be arranged every winter. Unfortunately the 
second world war put an end to this kind of international collaboration. 
One noteworthy member of the staff of the ice section during the twenties and 
thirties was Risto Jurva, M.Sc. He became extremely interested in ice research and 
the results of his extensive studies were published in 1937 as a thesis entitled: "Uber 
die Eisverhältnisse des Baltischen Meeres an den Kusten Finnlands nebst einem 
Atlas". This paper is probably the most significant publication brought out by the ice 
section of the Institute of Marine Research, and Jurva must be considered as the 
founder of regional ice research within the Baltic Sea. 
THE HYDROGRAPHICAL WORK 
As mentioned above, the hydrographical work belonged mainly to the ice section. 
Therefore, it was the duty of its staff to enlarge the already existing hydrographical 
observation net and to revise and publish the collected data. This was a laborious 
task, as the number of fixed stations along the Finnish coast and on the islands was 
about twenty-five. Moreover, there were some ten light-ships, which, besides basic 
hydrographical observations, measured currents and winds. 
The head of the section, Granqvist, compiled the hydrographical data and in 
1938 published the results as a thesis entitled: "Zur Kenntnis der Temperatur und des 
Salzgehaltes des Baltischen Meeres an den Klisten Finnlands". 
The annual summer hydrographical expeditions developed gradually into a joint 
task of the whole institute in which the whole scientific staff participated in turns. 
Daring these expeditions observations were made at sea at fixed stations known as 
F-stations. There were about 80 of these in all. To begin with, only temperature was 
measured at different depths and samples were taken to determine the salinity and the 
content of oxygen. Later the programme was extended to include investigations on 
the content and variability of nutrients. Starting with the determination of ammonia, 
the studies were gradually enlarged to include data necessary for determining the carbon 
dioxide system, that is, alkalinity and pH. The first research vessel was S/S Nautilus, 
which was replaced in 1939 by the "old Aranda". 
During the first years of its existence the Institute of Marine Research performed 
a special investigation that at that time was not part of its regular programme, 
although to-day it is one of its principal tasks. Pollution in the harbour of Helsinki 
was a cause of worry, and the institute was entrusted with the task of finding out 
how to reduce it. In 1919 and 1920, under the leadership of Witting, the institute 
carried out studies on water circulation and water exchange in the harbour. The 
results were based on numbers of different chemical analyses. 
During the thirties the Institute of Marine Research participated in no less than 
two open sea research programmes in collaboration with overseas oceanographers. 
In 1931 these investigations included measurements in the Kattegat area. They were 
performed together with Swedish, Danish and German scientists using a current 
meter constructed by Witting. In 1939 the institute collaborated with Sweden, Den-
mark, Germany and Latvia in research on currents and water temperature conditions 
in the central Baltic Sea. 
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THE CHEMICAL SECTION 
During the first years of the existence of the institute the chemical section was engaged 
in more or less routine chemical analyses. Nevertheless, Buch soon started a number 
of investigations on problems connected with the balance of carbon dioxide and the 
nitrogen cycle. Another problem was an increase in atmospheric carbon dioxide 
possibly owing to the expanding use of fossile fuel, a problem which to-day is very 
important in climatological studies. One of Buch's special interests was the deter-
mination of pH, a subject on which he published several papers. Some of these in-
vestigations he performed at the Institute of Marine Research as an international 
project in collaboration with H. W. Harvey, W. Vattenberg and Stina Gripenberg. 
In 1935 Buch left the institute after being appointed professor at Åbo Academy 
(Turku). The chemical section was then led by Dr. Palmen. 
The first assistant of the chemical section was Hanna Olin, M.Sc. In 1923 she 
was succeeded by Stina Gripenberg, M.Sc. In her the institute acquired a skilled 
and talented worker. To begin with, much of her work was devoted to more or less 
routine chemical analyses. Gradually, however, her principal interest turned towards a 
wholly new problem: the chemical structure of the bottom sediments in the Baltic Sea. 
The results of prolonged studies based on a considerable number of bottom analyses 
appeared as a thesis in 1934 under the heading: "A study of the sediments of the 
North Baltic and adjoining seas". Without doubt, this paper was a pioneer 
achievement and it avowed great interest among oceanographers outside Finland. 
Without exaggeration, it may be said that, even to-day, in spite of improvements 
in methods of bottom sediment sampling during the last few decades, Stina 
Gripenberg's publication is one of the most important studies on the geology of the 
Baltic Sea. 
INTERNATIONAL COLLABORATION 
It is quite natural that the Institute of Marine Research represented Finland in 
international collaboration in the field of oceanography. The activities of the 
International Council for the Exploration of the Sea started again after the end of 
the first world war. Witting participated in its meetings for many years. Gradually 
other members of the scientific staff of the institute began to attend the meetings as 
experts to present the results of their studies. International collaboration increased 
rapidly when the Hydrological Congresses of the Baltic began their activity. These 
meetings always took place at intervals of two or three years. The fifth of these 
congresses, arranged in 1936 in Helsinki, allowed the whole scientific staff of the 
institute to participate. 
CHANGES IN THE ACTIVITIES 
In 1935 a change took place in the inner structure of the institute. It meant that 
hydrographical research was transferred from the ice section to the chemical section. 
This transfer was the result of the rapid increase in the work of the ice section owing 
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to the growth of winter navigation in the Baltic Sea. In fact the chemical section 
was transformed into a hydrographial section, with chemical research as an integral 
part. 
At about the same time as the new division of work was introduced, professor 
Witting left the institute. For several years he had participated rather sporadically 
in the daily work owing to important duties in the government of Finland. Granqvist 
was appointed acting director of the institute. He followed more or less the same line 
of activities as his predecessor. In 1939 a new statute allowed the institute to cover 
limited biological studies as well. The time was, however, approaching when the 
second world war would interfere with the work of the institute as it did with the 
life in Finland in general, not to mention the whole world. 
THE YEARS 1939-68 
THE SECOND WORLD WAR 
The second world war broke out on ist September 1939 and only a week later, on 8th 
September, a new director, professor Erik Palmen, was appointed to the institute. 
Although the general situation in Finland was more or less normal during September, 
future difficulties could already be discerned. It was not long before war between 
Finland and the Soviet Union broke out on 30th November. As a consequence of the 
bombing of Helsinki during the first clays of the war the institute was evacuated 
to Turku. During the winter war, ice service was the most important activity of the 
institute. Communications with foreign countries were mainly maintained by 
navigation, and during the extremely cold winter of 1939-40 knowledge of the ice 
situation in the eastern parts of the Gulf of Finland was essential to warfare in this 
region. 
The Winter War did not last long. The peace treaty of Moscow in March 1940, 
however, involved considerable territorial losses for Finland, -which meant that the 
institute lost roughly 10 % of its observational stations. The tide gauge station in 
Petsamo was totally destroyed during the war and was not reconstructed, the area 
of Petsamo being ceded to the Soviet Union after the second war. 
When this war broke out in June 1941 the work of the Institute had to be 
rearranged in accordance with the exceptional conditions prevailing in the country. 
For more than three years some of the staff were away on military service. The 
institute had always to be ready to give immediate information and reports on its 
activities that might be of use to the military command, etc. 
Granqvist now moved from his position as head of the ice section to a similar 
position in the hydrographic section; Jurva took over the ice section. The duties of 
the head of the sea level section and some assistant offices were put in the hands of 
acting forces. At the end of the war Dr. Ilmo Hela was appointed chief of the water 
level section and Dr. Eugenie Lisitzin as an assistant. Somewhat later Dr. Heikki 
Simojoki joined the staff as an assistant, and the work of the institute could continue 
on practically normal basis. 
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THE POST-WAR TIME 
Not all the activities of the institute could immediately get back to normal. 
Publishing work, which had been at a standstill for the whole length of the war, 
had now to be intensified. This involved the editing of observation reports and of 
scientific papers that had been nearly finished but could not be published during the 
war years. The most significant gap in the activities of the institute during the post-
war period was, however, the impossibility of carrying out scientific hydrographical 
expeditions for lack of a research vessel, a deficiency that lasted for more than a 
decade. 
In the meantime, professor Palmen left the institute. Since 1946 he had been on 
leave of absence as a visiting professor at the University of Chicago. While away, 
he had been appointed a member of the newly founded Finnish Academy and he left the 
institute for good. Professor Jurva succeeded him as the director of the institute 
and Simojoki was appointed head of the ice section. In 1947, Erkki Palosuo joined 
the institute to assist Simojoki in the work of the ice section. 
THE DEVELOPMENT OF THE ICE SECTION 
The post-war years were a remarkable period in the development of the ice section. 
This development was a consequence of increasing winter navigation and of the rapid 
development in instruments for carrying out ice observations and sending data and 
reports, teleprinters, instead of the radio, aeroplanes for ice observations, and satellites. 
Of special interest was the new ice code introduced for the entire region of the 
Baltic Sea, the credit for which should go mainly to the Institute of Marine Research. 
In 1954 a conference was held in Copenhagen to discuss difficulties arising from the 
fact that the new international ice nomenclature could not be applied as such to 
ice conditions in the Baltic Sea. During this meeting the institute was given the task 
of drawing up a new ice code that would be used throughout the Baltic Sea area, 
and would meet current requirements. This ice code was approved during a meeting 
in Helsinki and put into use in autumn 1954. Its main items were standardization 
of the new ice nomenclature, deletion of navigation possibilities for sailing ships 
and the introduction of a third number indicating the development of ice conditions. 
THE RESEARCH VESSEL ARANDA 
Nineteen fifty-four was another important year for the institute, when it received 
"Aranda", a research vessel equipped with up-to-date oceanographic instruments. 
Granqvist was mainly responsible for choosing and ordering the necessary equipment, 
and he directed the first summer expedition. He was now the acting director of the 
institute, since Jurva had unexpectedly died in December 1953. The expedition was 
a kind of trial run; happily, both vessel and instruments worked well and fullfilled 
all expectations. Thus began a new era in the history of Finnish marine research. 
Investigations were centered on the area that was internationally ascribed to Finland 
as a marine research region and which extended to the northern parts of the Baltic 
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Proper, the Gulf of Bothnia and the Gulf of Finland, the southern and eastern parts 
excepted. The internationally approved hydrographical programme consisted now, 
as it did before, of measuring the temperature of the sea water and of determining the 
salinity and oxygen in different depths at fixed stations in the sea. At all these F-
stations the pH and alkalinity as well as the content of phosphorus, calcium, 
magnesium and silicates had to be determined. In addition, bottom samples were 
taken regularly and observations made on the transparency of the sea water and on 
currents at different depths. 
MARINE BIOLOGICAL RESEARCHES 
The scope of the institute was enlarged in 1955, when the marine biological 
investigations, which until then, had been administered by the Finnish Society of 
Sciences, were transferred to the institute. Thus the Biological Laboratory of the 
Institute of Marine Research came into being. Dr. Sven Segerstråle was appointed 
head of the laboratory, and professor Ernst Hävren and Kalle Purasjoki, M.Sc. 
participated in its work. There distinguished and assiduous scientists contributed 
largely to the efficiency of the publishing activities of the institute. 
SCIENTIFIC ACTIVITIES 
Two particularly important scientific papers appeared during this time. Folke Koroleff, 
the assistant in the hydrographical section, published his thesis on trace metals in 
sea water ("Determination of the traces of heavy metals in sea water by means of 
dithizon. I. Metal-dithizon equilibria"). The assistant in the ice section, Palosuo, 
enlarged on Jurva's ice investigations in coastal regions and the archipelago to 
include the open parts of the Baltic. He discribed the results in a thesis entitled: 
"A treatise on severe ice conditions in the Central Baltic". 
PROFESSOR ILMO HELA 
In 1955 professor Ilmo Hela took over the directorship of the institute. He had the 
advantage of starting his new duties at a moment when the wounds of the war had 
healed and activities had returned to normal. For many years Hela had been acting as 
a visiting professor at the University of Miami in Florida. When he returned to Finland 
as the director of the institute, he was greatly interested in many of the problems 
which were then current in the United States. He brought new ideas to Finland 
and set about reorganising the work of the institute. Since the resources of the institute 
were still somewhat limited, Hela tried to co-operate with other scientists and research 
institutions. The main problem that concerned Hela was marine pollution, an issue 
of increasing international importance. In spite of his pronounced interest in 
administrative problems, Hela published a number of papers on various oceanographic 
questions. An important work was his thesis "Uber die Schwankungen des Wasser-
standes in der Ostsee mit besonderer Berucksichtigung des Wasseraustausches durch 
die Dänischen Gewässer". In collaboration with T. Laevastu he also wrote the 
textbook "Fisheries Hydrology". 
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NEW HEADS OF SECTION 
The changes which took place when Hela became director of the institute were 
further accentuated by the appointment •of new chiefs to all the sections shortly 
afterwards. Dr. Lisitzin was appointed head of the sea level section; Dr. Palosuo of the 
ice section and Dr. Koroleff of the hydrographical section. 
THE ICE SECTION 
During the years the main tasks of the sections had changed considerably, the principal 
stress having shifted to a new range of problems. Initially one of the main duties of 
the ice section had been to perform ice observations so that it would be possible 
thereafter to reconstruct whenever and for whatever purpose required the ice situation 
in any part of the Finnish sea area. The ice data gathered were treated statistically to 
assist in planning the activities of harbours and icebreakers. During the fifties and 
sixties the ice section was principally concerned with the needs of commercial shipping. 
This was made necessary by the rapid growth in winter navigation. Ice reports were 
drawn up by prognosis on the development of ice conditions. The dependence of ice 
upon meteorological and hydrographical factors was interpreted and the structure and 
mechanical properties of ice were studied. The most recent innovations in the practical 
work of the ice section are the use of satellite photographs since 1966 and picture 
transmitters since 1968. 
THE HYDROGRAPHICAL SECTION 
The hydrographical section and its tasks have also seen many changes since the 
twenties, particularly as regards expeditions and the instrumentation of the 
laboratory. The principal tasks of the section include studies on variations in water 
temperature and salinity and their meteorological and hydrographical causes, research 
on sea currents, water mixing, the main chemical components and trace elements in 
sea water, and chemical investigations in connection with marine pollution. Most of 
these analyses are based on samples collected during the expeditions of the research 
vessel Axanda. During these cruises the institute collaborated with other scientific 
institutions and organisations, especially with scientists concerned with geological 
research. Overseas scientists as well have sometimes joined in the work on the Aranda. 
Some of the noteworthy chemical methods developed by Koroleff in the hydro-
graphical section are determinations of ammonia, nitrates, fluorides, bromides, 
silicates and phosphorus. 
Thus we see how largely problems connected with marine pollution have figured 
in the programme of the institute. Right from the start this work has been the 
responsibility of Dr. Aarno Voipio, who has been a full member of the staff since 1958. 
His main duties are to handle the research material in order to establish the various 
factors influencing the pollution of the sea and to study the radionuclides and the 
mass balance of the Baltic Sea. 
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THE MARINE BIOLOGICAL LABORATORY 
The marine biological laboratory of the Institute of Marine Research has been 
concerned with a wide range of problems. Let it suffice to mention a few of 
the most important ones. Professor Segerstråle has devoted a considerable part 
of his work to quantitative studies and the biology of bottom fauna in coastal waters. 
He has also spent much effort on elucidating the occurrence and history of glacial 
relics in the marine and lake regions in Finland. The latter problem is an integral 
part of studies on the glacial period of the Baltic Sea. Segerstråle's research has 
produced a great number of publications whose interest goes beyond the borders 
of Finland. Special mention should be siade of his paper: "The immigration of the 
glacial relicts of Northern Europe, with remarks on their prehistory". Other biologists 
have been concerned with research on plankton and studies on the occurrence and 
biology of some important fish in the Baltic. The ecology and production capacity 
of the Finnish sea area have been studied by Julius Lassig, the assistant in the 
laboratory. 
THE SEA LEVEL SECTION 
The sea level section also faced a number of new problems during the fifties and 
sixties. The section had to answer numbers of inquiries and give information on 
harbour construction, industrial outlets, and navigation. To facilitate this work the 
section prepared numerous statistical tables and compilations based on sea level data. 
In addition to these rather practical tasks professor Lisitzin devoted much time 
to purely scientific work. The assistance of related sciences is frequently necessary to 
help to solve the diversity of problems that arise in this branch of oceanography e.g. 
the dependence of sea level variations upon meteorological and other factors, the annual 
cycle in the sea level of the Baltic and the oceans, the mean sea level in the total 
water covered area, and the rate of land uplift along the Finnish coasts, an old prob-
lem that has been treated anew on the basis of more extensive data. 
THE INTERNATIONAL GEOPHYSICAL YEAR 
The years 1957-58 were important for the Institute of Marine Research, as they 
were for oceanographers and geophysists at large. As is well known, 1st July 1957 
marked the beginning of the 18-month period known as the "International Geophysical 
Year 1957-58". The institute participated in an extensive programme of international 
investigations. One project was an expedition by the Aranda to the Barents Sea, 
a cruise that lasted for roughly one month. As set out in the international programme, 
the work consisted of hydrological and chemical studies, plankton sampling, marine 
geological observations, research on the exchange of carbon dioxide between the 
atmosphere and the sea and gravity measurements. 
To study more closely the sea level data collected during the international geo-
physical year, especially those from the islands in the Pacific Ocean, Lisitzin spent 
half a year during the winter 1959—G0 at the Scripps Institution of Oceanography 
at La Jolla working together with North American oceanographers. Palosuo spent 
six weeks at Spitsbergen with an international glaciological expedition. 
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INTERNATIONAL COLLABORATION 
In the fifties and sixties Finnish oceanographers participated in many different 
marine meetings and conferences. The aim of these visits was not only to present 
the results of their own research but to make personal contact with scientists in 
related branches of oceanography. It is not possible to name all the meetings and 
conferences in which the scientific staff of the institute participated during this 
time and the numbers of international committees on which they served. One of the 
most noteworthy was the first conference of the Baltic Oceanographers that was held 
in Helsinki in 1957, since the initiative for the meeting came from the Institute of 
Marine Research. This conference was of interest, since for the first time since the 
war it allowed oceanographers from all the countries around the Baltic Sea to discuss 
their problems together and to plan their future activities. Since then these conferences 
have taken place in different Baltic Sea countries every two or three years. 
In the years following 1968 considerable changes have been made in the activities 
of the institute. It is probably premature to describe these changes and their 
consequences. Therefore, this short survey has been limited to describe the work 
and tasks of the Institute of Marine Research in Finland during the first fifty years 
of its existence. 
(This article is based on a more extensive Finnish version of the history of the Institute of Marine 
Research printed in the series 'Meri' 5, 1979). 
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